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PROGRESS WITH ADVANCED MATERIALS FOR HIGH-ENERGY.DENSITY
CAPACITORS

Clive W. Reed, Michael W. DeVre, Steven M. Gasworth, and Stefan J. Rzad
GE Corporate Research and Development

Schenectady, New York 12301
Abstract

A program funded by the US Army Electronics and Power inherent brittleness and the great difficulty in making defect-free
Sources Directorate/Army Research Laboratory, Fort Monmouth, large areas. The latter problem is compounded by the fact that,
NJ, has been completed in which the objectives were to unlike polymer materials, ceramics are not "clearable" so that
demonstrate and develop new dielectric materials which will enable defects cannot be eliminated; this severely limits the electric
the future development of pulse power storage capacitors with stresses at which ceramics can be operated, with a consequent
energy densities in excess of 10 Jig. Four candidate materials were limitation in energy density.
investigated: diamond-like carbon (DLC) films, chemical vapor-
deposited (CVD) diamond films, Ultem® polyetherimide films, There are several, complementary reasons why polymers look
and computer-designed modified polyetherimides. Each of these to be the most attractive approach for achieving very high energy
approaches presented unique challenges, but there was a unified density. First, they can be made into films in very large areas and
technical approach in addressing them: that of synthesis, surface with very high quality. (Fortunately, many polymer films have
modification, metallization, and clearing to improve their applications outside of capacitors, so considerable development in
breakdown performance. The status of the work is reported for film making methods are at our disposal). Second, although the
each approach; with electrical measurements, enhancement of polymers themselves typically have low dielectric constants,
breakdown via surface modification and clearing, and the inherently they have very high resistivities (> 1013 1l.cm) and very
fabrication and testing of test capacitors. It is concluded that DLC high breakdown strengths (> 106 V/cm). And, third, very effective
and Ultem® films offer the most immediate promise for meeting methods have been developed for enhancing breakdown
the target energy densities. performance in metallized polymer films designs: these involve the

use of self healing and the use of liquid impregnants. The former is
Intrduction very effective in eliminating defects from the films, while the latter

prevents discharges external to tl- :"m that might otherwise trigger
High energy delivery systems, such as high power lasers, high breakdown at lower levels. These .Ascharges might occur between

power microwave, directed energy weapons, and power the layers, at the metallization edges, or at the electrode contact.
electronics, require large amounts of energy to drive them. In This combination of qualities, coupled with low dielectric losses
stationary systems, this can be achieved using power supplies of and relatively stable dielectric constant over a wide temperature
large physical size. But, for mobile devices, the energy sources range, make polymer films the preferred choice for many
must be compact. One of the essential parts of the supply is the applications.
energy storage device, typically a capacitor or battery. When
capacitors are used, a high energy density is a pre-requisite in order Tehil.•Zlih
to minimize the overall size of the power supply. Capacitors of tens
of J/g are highly desirable; however, such energy densities are an The volumetric energy density (D) in a capacitor is given by:
order of magnitude higher than present state-of-the-art technology.
State-of-the art reviews of high-energy-density capacitors are given D = o E2/2 i/cm3  (1)
in references 1-3. D=mE/ /m 1

where e = relative dielectric constant of the material£0= permittivity of free space = 8.85 x 10-14 F/cm
The program reported here is focused on materials for high- and E = applied electric field in V/cm (this is the

energy density capacitors with 10 kV rating, 1 Hz repetition rate,
and energy densities of tens of J/g. Preliminary results on this operating field).
program were reported at this meeting in 19924. Results at the To obtain the energy density per unit weight, W (J/g), D must be
completion of this two-year program are reported here. divided by the mass density, p (g/cm 3):
State--of-the-,Art

W = •-oE2/2 p Jig (2)

Materials for capacitors typically fall into three general

categories: 1) ceramic, such as Ta20 5 and BaTiO3; 2) electrolytic, Equation (1) shows that increased energy density requires either
such as alumalytic and tantalytic, and 3) polymeric, such as increased dielectric constant or operating electric stress or both. To
polypropylene and polyvinylidene fluoride, each with or without an increase the energy density per unit weight, low density materials
impregnating liquid. Electrolytic capacitors are characterized by are preferred. Unfortunately, as noted above, materials with high
large capacitance densities, and high energy densities have been dielectric constants often have low dielectric strengths, low
achieved 5. However, such capacitors do not have good bipolar resistivities, and large dielectric losses. The latter leads to
capability, and their voltage capability and resistivity are too low for undesirable, even unacceptable, dielectric heating, which could
high voltage applications such as those of present interestt. require thermal management that could reduce the overall energy
Ceramics, on the other hand, have high dielectric constants and density. As a consequence, since energy density increases as the
relatively high breakdown strengths. For example, Ta2Os, with a square of the electric field but only linearly with dielectric constant,
dielectric constant of 27 and a thin film breakdown strength of 4-8 the primary objective of the present work has been to increase the
x 106 V/cm2, has an energy density of 19 j/cm3. However, the best electric stress. Secondarily, we have tried to maximize dielectric
quality Ta205 films are those formed electrolytically and they are constant within the material systems which have been studied.
not fully bipolar. Ferromagnetics, such as BaTiO 3 , have the
problem that the dielectric constant changes with the applied electric It is of interest at this point to compare the voltage rating and
field and with temperature, with a sharp drop at the Curie breakdown strengths of the candidate materials investigated in this
temperature 6. Ceramics have two other severe problems: their work against other candidates. This is done in r; -ure 1.



High Operating Stresses: Clearing. Pulse Conditioning. and demonstrated between 100 Hz and I MHz. We have since
Surface Modification pursued further improvement of electrical properties, especially

breakdown strength, by process modification. Additionally,
A primary objective throughout this program, with each of the methods for fabricating thick film multilayer capacitors were

material technologies, has been to push the dielectric materials to as developed to meet the high voltage rating requirements.
high a stress as possible and to develop new methods for doing so.
Basically, three methods were used: 1) clearing, 2) pulse With a view toward productivity improvement we have
conditioning, and 3) surface modification. As indicated above, demonstrated the capability of depositing good quality DLC films
clearing ("self-healing") represents an avenue to remove defect using a variety of hydrocarbon feedstock sources. Table I lists
sites within the respective material films by deliberately forcing the some electrical properties for three hydrocarbon sources. Electrical
material to breakdown, but in doing.so strictly limiting the energy measurements were generally made on I pm thick MIM
involved so that minimal damage is done to the surrounding structures. Electrodes were typically 1000 A sputtered aluminum,
material. The method is used extensively to improve the to facilitate clearing. Breakdown measurements were done using a
performance of low voltage metallized film capacitors; but, until manually controlled ramp voltage at a rate of approximately 5
the present work, has been surprisingly little used for high voltage V/sec on an electrode area of 0.317 cm2 . The use of C2H2 resulted
capacitor development. The method is of course not applicable to in a seven-fold improvement in the deposition rate over the CH4,
foil electrodes; rather, it is restricted to capacitors with metallized while the C4H6 showed a three-fold improve. . ith no
electrodes, applied by vapor deposition using metals such as sacrifice in electrical performance.
aluminum. When a voltage is applied, a defect in the dielectric such
as that shown schematically in Figure 2, undergoes highly localized On the other hand, substrate surface smoothness pw, , a critical
breakdown. The resulting arc vaporizes the thin metal electrodes, role in determining the ultimate breakdown strength of the
interrupts the current flow, and quenches the breakdown. Defects deposited films. For example, the range of breakdown strengths (3
are therefore removed both physically and electrically, with - 4 MV/cm) observed for "baseline" films, those which have not
minimal loss of capacitance, and the remaining dielectric can be been process optimized or surface modified, is due to variations in
operated at a higher stress. By continuing to raise the voltage, and the surface quality of the silicon substrate material. On the best
repeating the process, increasingly higher stresses can be sustained, silicon substrate surfaces, films from a process optimized for
The method has been successfully applied to each of the polymer breakdown strength exhibit values of about 6 MV/cm. To be at'ý
film materials used in this program. to accommodate more practical substrates, including those withrough surfaces, we applied field-grading layers (a form of surface

The second method, pulse conditioning, is a novel adjunct to modification) consisting of low resistivity DLC or hydrogenated
the method of clearing. It uses short, high-voltage pulses to amorphous silicon, resulting in breakdown strengths three times
promote clearings prior to the application of a ramp voltage, greater than for non-graded structures on the same substrate.

Once the film has been cleared, then the electric strength is that With respect to energy density, Figure 3 shows that a tradeoff
of the "defect free" material. In the third method to improve must be made between dielectric constant and breakdown strength.
breakdown strength, surface modification, we begin to prevent the In this figure, process conditions are the independent parameter. As
injection of electrons at the electrode surface, which are the noted under Technical Approach, energy density increases more
initiators of the "intrinsic" electronic processes of breakdown. rapidly with breakdown strength than with dielectric constant, so
Preliminary results of such an effect were presented at this meeting we generally prefer conditions favoring the former. Fortunately,
in 19924. The effect is further investigated in this work; included is these same conditions also tend to give the highest resistivities and
a surface fluorination treatment using CF4 gas. Other researchers lowest dissipation factors4.
have also been investigating surface modification methods for
improving capacitor performance 7. It should be noted, that as the In order to meet the high voltage rating requirements for high
electric stress is increased, into the upper MV/cm range, (as energy density capacitor applications, DLC films in the range of 7 -
desired to meet the target energy densities) extrinsic qualities such 10 gim are necessary. DLC films were deposited from 5 to II gtm
as impurities and inherent dielectric losses can limit breakdown in thickness without loss of adhesion, a major concern considering
performance, leading to thermally driven breakdown. The present the mechanical stresses associated with plasma deposited films. In
materials were selected to avoid such limitations. They are the addition, multilayer capacitors were fabricated consisting of two
reasons why, for example, the polymer polyvinylidene fluoride, an layers of 7.5 g±m DLC and three 1000A aluminum electrode layers
otherwise excellent material, cannot be operated at high stress other with a combined electrode area of approximately 70 cm2.
than for very short duty cycles. We have demonstrated the capability of increasing ;he small

Experimental area breakdown strength of DLC films into the 6 MV/cm range by
incorporating charge trapping species into the bulk film. The ability

Diamond Like Carbon Films to fabricate thick film multilayer capacitors, while maintaining
good electrical and mechanical integrity, demonstrates the

DLC is an amorphous mixture of carbon and hydrogen which prospects for this new technology.
exhibits polymer-like properties (low dielectric constant and high
breakdown strength) and is typically produced by low pressure CVD Diamond Films
plasma-enhanced chemical vapor deposition techniques. More
commonly investigated for its tribological qualities, DLC films of Diamond is attractive for high energy density storage based on
good electrical quality can be obtained under a specific range of the intrinsic properties of single crystals 8. These include high
deposition conditions. We previously reported small area DLC resistivity and high breakdown strength (10 MV/cm), absence of
capacitors exhibiting improved electrical properties, relative to our dielectric losses due to atomic or orientation polarization, radiation
initial electrical-grade films, including high resistivity (-1016 hardness, high service temperature, high thermal conductivity and

fl.cm) and breakdown strength (-5 MV/cm). These chemical inertness. In the form of thick polycrystalline films

improvements were achieved by modifying the plasma power grown by CVD, diamond should lend itself to high voltage

level, the substrate electrode temperature and the carrier gas operation. The challenges are to (i) approach in CVD diamond the

composition4. Polarization is essentially electronic, and frequency high resistivity and breakdown strength observed in single crystal

independent dielectric constant and low loss characteristics were diamond and (ii) overcome the some of the extrinsic features of
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CVD diamond: roughness, limited deposition area of free-standing A comparison of the quality of extruded and solvent cast
crack-free films, and relatively high cost. Since the extrinsic issues Ultem® films comes from the dc breakdown data (25 V/s) as
are widely addressed outside the present work we focused on the function of temperature over the range -20C to 100C (Figure 6).
intrinsic electrical properties. These measurements were done with evaporated aluminum

electrodes (thickness = 1000A; area = 0.4 cm 2), and were
High resistivities were obtained with low to moderate nominal essentially free of clearing events, thus affording an assessment of

electric fields. However, the resistivity invariably decreased with the inherent quality of the two films. Clearly, the breakdown data
increasing field at a rate that would preclude high energy density for the solvent cast film is better than that of the extruded film over
storage because conduction through the film would compete with a wide range of temperature and it is tempting to conclude that the
the intended load for the stored charge, and because of the difference is due to a superior quality of the solvent cast film.
possibility of thermal breakdown. However, it is possible that the difference is related to the different

thicknesses of the two films, since electronic breakdown of
Time and frequency domain measurements on the single layer amorphous polymers exhibits increasing breakdown with

structures (Figures 4 and 5) reveal a space charge polarization decreasing thickness. Unfortunately, commercial films were not
which we attribute to a separation of the centers of native positive available at different thicknesses in order to be able to resolve the
and negative charge carriers under the influence of applied voltage, correct explanation.
This process could account for the field-dependent resistivity and
low breakdown strengths typical of CVD diamond. Efforts to As found with extruded films of Ultem®, the solvent cast films
improve electrical properties included post-deposition heat, were similarly (20-30%) improved in their breakdown behavior as
chemical and plasma treatments as well as nitrogen doping for a consequence of surface treatment with oxygen-containing
electrical compensation of the extrinsic p-type conduction, and coatings and by a fluorine treatment of the polymer surface using
thinning to eliminate surface roughness of the as-grown film. CF4 gas. In each case we speculate that the effect derives from a
Comparison of the dielectric constants and loss tangents (as trapping of electrons; but fluorine also enhances adhesion of the
functions of fr&quency) for the best undoped and the best nitrogen- aluminum electrodes and therefore it may prevent discharge
doped CVD diamond films showed that space charge polarization initiated breakdown. Measurements of the current at breakdown
was reduced by the doping. do not readily permit one to distinguish between the two

possibilities.
The encouraging result of the nitrogen doping effort suggests

that electrical compensation, either by nitrogen doping or by A major theme in the present work is "clearing" of the
electron irradiation, is a promising approach. At present, however, capacitor structure by controlled voltage application to electrically
CVD diamond's breakdown strength and volumetric energy isolate defects. This is illustrated by Figures 7a and 7b, which
density are roughly factors of 10 and 100, respectively, below show the voltage pulse supported by a single layer structure of
those of DLC and Ultem®. Optimization of CVD diamond for 8.67pjm thick Ultem® before and after clearing. Figure 7a
application as a high energy density dielectric will require further represents the first application of the pulse, which initiated some
fundamental effort, most likely aimed at a combination of electrical clearings. Figure 7b shows the second application of the same
.compensation, thinning, and tailored electrical contacts. waveform, which is now fully supported by the structure. In

Figure 7b the first (negative) peak of the waveform at 6.4 kV
Beyond the intrinsic issue of dielectric performance, however, corresponds to an electric stress of 7.4 MV/cm and a raw energy

i's the issue of CVD diamond availability in the form of the large- density of -7 J/cm 3 . This stress and energy density are.
area free-standing layers needed to construct high energy density respectively, factors of -1.5 and -2 greater than observed with a
capacitors of practical scale and quantity. Present CVD diamond ramp voltage. This strong dependence of breakdown results on
growth technology produces small-area free-standing films. voltage waveform reinforces the importance of reflecting
Moreover, without dramatic improvements in rates and yields, the conditions of the intended application in the test waveform.
cost will remain much greater than for the other candidate dielectric
materials. Thus, for CVD diamond to emerge as a viable candidate Figure 7b also shows that following the 1 millisecond
for high energy density storage at high voltage significant progress (negative) pulse, the structure tolerates significant voltage reversal.
is required both in the dielectric performance and in film growth The importance of tolerance for voltage reversal in pulse
technology, applications is the elimination of circuit components otherwise

needed to protect the capacitor from reversal. The case shown, with

Ultem Polvetherimide Films reversal of about 70%, occurring in about 10 ps or 1% of the pulse
width, does not represent a limiting tolerance for this structure.

Ultem® polyetherimide has a very attractive combination of Clearing also occurs during excitation by a voltage ramp,
properties for a high-energy density capacitor film9 : a dielectric promoting a higher final (shorting) breakdown voltage than would
constant of 2.94, low dielectric losses and stable dielectric constant otherwise occur. We discovered that ramp breakdown voltages for
over a wide temperature/frequency range, and high breakdown the Ultem® single layer structures are further enhanced if the
strength. Breakdown strengths of up to 7 MV/cm have been structures are first subjected to sequences of short (10 - 100 ps)
achieved with several films, implying an energy density of around high voltage (1 - 6kV) pulses. The pulse-conditioned structures
6 Jig. Also, its excellent thermal stability, typically up to 200C in exhibited breakdown strengths as much as 10% higher (i.e. 20%
air, allows a high use temperature, well above that of higher energy density) under the subsequent ramp test (25 V/s)
polypropylene or polyvinylidene fluoride, without loss of its than without pulse conditioning. This effect depends upon several
excellent physical and mechanical properties. Finally, its solubility parameters (metallization thickness and conductivity, pulse
in various solvents and non-crystalline nature make it amenable to duration, circuit parameters of the test apparatus, experimental
solvent casting as required to achieve the highest breakdown technique, pulse conditioning protocol), and further work is needed
strength. to optimize it.

In the prior report at this meeting'4 , data was given for various With Ultem® film, the developments were extended to the
commercial extruded Ultem® films with thicknesses of around I fabrication of trial 10 kV, 0.5 kJ capacitors; potentially, a step
mil. In this paper data is given for both extruded and solvent cast toward the application of interest. Based on the 10 kV
films. Whereas the extruded film was I mil thick, the solvent cast requirement, the I mil extruded film was selected over the thinner
films were considerably thinner: 3.5 and 8 jLm thick.
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solvent-cast films. One mil thick, single-side aluminum metallized 5. Lee, H., Bullard, G.L, Mason, G.E., and Kemr, K., Improved

UltemO film was wound into a cylindrical configuration; edge Pulse Power Sources with High Energy Density Capacitor,=E

electrodes were applied by the standard "schooping" technique10  •IOILMa. 25, 324-330(1989).

and the clearing and breakdown performance of a number of the 6. Shim, G.A., and Burn, I., Proc. Syrp. High Energv Densit

rolls were measured to establish the voltage capability per roll. Cagitcitors and Dielectric Material. Reed, C.W., Ed. NRC, 49-66

Breakdowns of the individual rolls occurred in the range 2-3 (1981).

MV/cm hence it was decided to use an applied stress of I MV/cm 7. Yializis, A., Binder, M., and Mammone, R.J., "Plasma

for the final capacitor. Each individual roll in the final capacitor was Treatment of Polymer Dielectric Films to Improve Capacitive

dc cleared up to a level of 1.6 MV/cm before final assembly. Energy Storage", NASA 20.00 naner.
8. Properties of Diamond, Field, J.E., Ed., Academic Press,

This trial capacitor was made with very little attempt to London, 1979.

optimize the fabrication steps such as the winding conditions, 9. Theoleyre, S. and Reed, C.W., Dielectric Properties of

metallization thickness, or clearing procedure. The Ultem® film Polyetherimide Films, NAS-NRC Conference on Electrical
itself may not have been optimal for this size of capacitor, a solvent 10. Saw. DielecricPhno mena. 1984.
cast film of suitable thickness was not available at the time. With 10. Shaw, D.G., Cichanowski, S.W., and Yializis, A., A Changing
so many features that could be improved upon, the final result Technology: Failure Analysis and Design Innovation, roL

(energy density - 1 J/g) is considered as very encouraging. Symposium High Energy Density Capacitors and Dielectric
MaiuialL Reed, C.W. Ed. NRC 13-48 (1981).

Modified Poletherimidle 11. Bendler, J. and Takekoshi, T., Molecular Modelling oi
Polymers for High Energy Storage Capacitors, paper at 35th

Work was also continued during Year 2 on the use of computer Power Sources Conference. 1992,

modeling to predict modified polyetherimide structures with les • - .- -

increased dielectric constant over Ultem®t 1. The approach Chemi coal

continues to show promise and would be expected to further Laye rem

enhance the performance potential shown by Ultem® polymer. E
> 107

Summar 7e
Each of the four material technologies investigated in this IEectronytc F%'ms

program, plasma-polymerized diamond-like carbon films, I
chemical vapor deposited carbon, Ultem® polyetherimide films,
and computer-modelled modified polyetherimides, has shown Cmc, ,
some degree of promise for meeting the objective of a capacitor
energy density of greater than 10 J/g, based on the dielectric only. -
DLC and Ultem® films are the most attractive approaches, because o0 100 .0oo0 1oooo .oo.ooo

they offer promise for application in the relatively near term, vottage Capabilty of Etementary Stwictufes (VI

subject to further development. Several avenues for improving
breakdown strength have been developed during the program: this Figure 1 Electrical breakdown strength and voltage capability of

suggests that the strategy of using polymer films and progressively elementary structures for different capacitor

increasing their breakdown performance has validity as a long technologies

term approach for high-energy-density capacitors. Molecular -_ _

modelling of modified polyetherimides to increase dielectric D DOWm• F

constant, remains promising, especially since it would naturally
build upon any developments realized with Ultem® films; but
improvements in methodology are still needed and large-scale
polymer synthesis and film making would need to be
implemented. CVD diamond is fundamentally an attractive
dielectric material, but additional work is needed on many technical
aspects.
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Figure 4 Time domain cumrent response of single layer capacitor

structure incorporating a 20lpn thick diamond film to a
i V step. Only the charging uransient is shown, with the
current zero near the bottom of the plot. The steady state
current indicates a resistivity of about 1014 .cmO

__________________________________500 ps/dIv

Figure 7a Oscilloscope trace of voltage applied to a single layer
capacitor structure incorpoating 8.67p, thick UltemS.
Several clearing events are evident.
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Figure 5 Dielectric constant as a function of frequency for the
same structure as in Figure 4. An error in the assumed
vacuum capacitance accounts for the hight frequency
limit greater than diamond's nominal value of 5.7 _ _____ ______
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Figure 7b Oscifloscope tace-of same voltage wave-form applied to

the sam single layer structure as in Figure 7A. Droop in
(negative) pulse amplitude after the initial peak is an
artifact of the test apparatus. This trace. showing the
structure holding off 6.4 WV, was made &afz that shown
in Figure7L
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ELECTROCREMICAL CAPACITORS FOR ELECTRIC VEHICLES - A
TECHNOLOGY UPDATE AND RECENT TEST RESULTS FROM THE IDAHO

NATIONAL ENGINEERING LABORATORY

A.F.Burke
Idaho National Energy Laboratory

EG&G Idaho, Inc.
Idaho Falls, ID 83415-3830

•abtrat The Status of Ultracaacitor Tecnolotv 11993)

The DOE Electrochemical Capacitor (ultracapacitor) There are a number of ultracapacitor development projects in
Development Program is reviewed and the technologies being pursued p in the United States and abroad. The distinguishing
to meet the near-terim and advanced energy density goals of 5 Wh/kg characteristic of each of these programs is the material being used in
and 15 Wh/kg, respectively, ame identified and their status assessed. the electrodes, which include the following:
Capacitor testing at the Idaho National Engineering Laboratory (INEL)
is summarized with special attention being given to tests of the 0 Carbon/metal fiber composites
Panasonic 3 V, 1500 F device at temperatures between -250 C and * Foamed (aerogel) carbon
+656C and tests of a 168 V pack of Panasonic 3 V, 500 F devices at 0 Activated, synthetic,monolithiccarbon
powers up to 25 kW. * Doped conducting polymer films on carbon cloth

I Mixed metal oxides

A summary of the status of each of these technologies as of the end
The first paper on the use of electrochemical (double-layer) of 1993 is given in Table 2. When available data permitted, the

capacitors for electric vehicle applications was given at the 34th Power performance values given in Table 2 for the various technologies ae
Sources Symposium in June 1990 (Reference 1). Specifications for based on testing done at the INEL. The status of several of the
devices to be used in vehicles were presented at that time and the technologies is discussed briefly in the following paragraphs.
United States Department of Energy (DOE) initiated a program to
develop devices that would meet those specifications in 1992. At the The only high energy density power capacitors commercially
present time (1994), it is now widely recognized that high energy available are those from Panasonic, which utilize particulate carbon
density capacitors (often referred as utracapacitors) can be used to with a binder on an aluminum foil and an organic electrolyte in a
load level the batteries in electric vehicles thereby reducing the peak spiral wound, 3 V single cell configuration. Panasonic now markets
power requirement forthebattery. Thspermitsthe battery to be 70 F, 500 F, and 1500 F devices. All these devices, which have been
designed for maximum energy density and cycle life and minimum extensively tested at the INEL, have energy densities of 2.3 Whikg
cost with much less attention being given to peak power. There am and 2.9 Wh/L for charging to 3 V. The resistance of the 500 F device
now programs underway in the United States, Europe, and Japan to is 3 to 4 milli-ohms permitting discharge at a power density of
develop capacitors for electric and hybrid vehicle applications. The 500 W/kg with a relatively small IR voltage drop. The Panasonic
goals of the DOE Ultracapacitor Program are given in Table 1, but the capacitors are suitable for performing laboratory testing of battery and
goals of the programs outside the United States are thought to be capacitor systems, but their energy densities are not high enough for
essentially the same. packaging in electric vehicles.

The conclusion reached in 1990 that capacitors could be Laboratory tests of single cells and bipolar stacks of devices
developed with an energy density of at least 5 Wh/kg and suitably low fabricated as part of the DOE Ultracapacitor Development Program
resistance (about 0. 1 ohm-an2 ) was based in large part on the work have shown energy densities of I to 2 Wh/kg for devices using
on mixed metal oxide capacitors that was underway at Pinnacle aqueous electrolytes (sulfuric acid and KOH) and 6 to 8 Wh/kg using
Research Institute (References 2 and 3). Since 1990, work on a organic electrolytes. The resistances of the I V cells using aqueous
number of other material technologies for ultracapacitors has been electrolytes art in the range of 0.2 to 0.5 ohm-cra2 and for the 3 V
started and there appear to be several technologies that show good celerlyes asin, the range isof 0 to 2 ohm-fe32.
promising of meeting the DOE advanced ultracapacitor goal of PSFUDS testing of cells using aqueous electrolytes has shown
15 VWh/kg. A summary of the current DOE Ultracapacitor Program round-trip efficiencies of 90 to 92% and those using organic
is given in Reference 4 and that paper also contains a bibliography electrolytes efficiencies of 85 to 88%. Tests of bipolar stacks have
of recent publications pertinent to the DOE Program. In this paper, indicated that stacking capacitors should not prove difficult as only
an update of uhracapacitor technology, as of 1993, is given along with minimum difficulty with cell imbalance has been encountered with
recent test data taken at the Idaho National Engineering Laboratory both the carbon-based and mixed metal oxide technologies. The test
(INEL) as part of the ongoing DOE Ultracapacitor Program. results obtained in 1993 indicate that it will be difficult to reach the

DOE near-term goal of 5 Wh/kg in carbon-based devices using an
aqueous electrolyte unless the carbon loading can be increased to at
least I gm C/cm3 . However, test results indicate that the near-ern
goal can be reached or exceeded in carbon-based devices using an
organic electrolyte, but with a significant increase in cell resistance.

Work supported by the U.S. Department of Energy e y Work on packaging cells and bipolar stacks in a completely sealed
for Energy Efficiency and Renewable Energy (EE), under DOE Idaho marner is progressing well with indications that within a year
Operations Office, Contract DE-AC07-761DO1570 packaged bipolar devices will be available with energy densities of 2

to 3 Wh/kg using aqueous electrolytes and 6 to 10 Whikg using
organic electirolytes.
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Future Proiections of Ultracapacitor Performance and Cost Prior to assembling the one-hundred sixty eight (168) 3 V,
500 F devices into fourteen (14) 12 V modules, each of the devices

The major questions regarding ultracapacitor technology are was characterized using a standard test in which they were
concerned with energy density and cost. As indicated in Table I, the successively charged and discharged at 25, 50, and 100 A. The
DOE energy density goal is 5 Wh/kg for the near-term and 15 Wh/kg average capacitance of each device was calculated based on the
fbr the long-term. The cost goal is to achieve S 0.5 to I O/Wh. There measured charge/discharge times for each current. The average
appear to be at least three technical approaches that have a reasonable capacitance and standard deviation for the 170 devices are given in
chance of meeting the long-term energy density goal. They are: Table 9. Fifty-six sets of three devices for the fourteen 12 V modules

were formed by taking successively one device from each end (low
and high) and one from the middle of the distribution. The

I Highly loaded (>I gmC/cm3 ), carbon-based substrates capacitance of the three device sets was 1470 F with a very small
using an organic electrolyte standard deviation of 0.93 F indicating the distribution of the

2. Mixed metal oxides with 10 to 20 micron thick capacitances of the devices themselves was very symmetric about the

substrates with an aqueous or organic electrolyte mean of 489 F. The capacitor pack of the fourteen (14) 12 V modules
was then discharged at constant powers up to 25.5 kW (500 W/kg)

and on the PSFUDS cycle for several hours. The capacitor pack
3. Doped polymer substrates with an organic electrolyte functioned satisfactorily in all the tests and is ready for further testing

For the electric and hybrid vehicle applications, it is necessary with a battery pack and interface electronics.

to meet the energy density goal and at the same time have a low Reference
enough resistance that the capacitor can be discharged at a power (I) Burke, A.F., Hardin, J.E., and Dowgiallo, EJ., "Applications
density of at least 1.5 kW/kg. In addition, cycle life and cost goals of Ultracapacitors in Electric Vehicle Propulsion Systems,'
must also be met. Results of a simple analysis of the carbon-based Proceedings of the 34th Power Sources Symposium, Cherry
technologies are shown in Tables 3 and 4 for the case of a carbon Hill, NJ, June 25-28, 1990.
loading of I gm/cm3 in the substrates of the cell. The results indicate
that meeting the long-term goal of 15 Wh/kg requires a cell voltage (2) Tong, R.R., Mason. G.E., Lee, H.L., and Bullard, G.L.,
of at least 2 to 3 V (in other words, the use of non-aqueous "Power Characteristics of the Ultracapacitor." Proceedings of
electrolytes) and that meeting the cost goal of $0.5 to I/Wh requires the 33rd International Power Sources Symposium, Cherry Hill,
a carbon cost of $2 to 5/lb even for devices having energy densities NJ, June 13-16, 1988.
of 10 Wh/kg or greater.

Recent Capacitor Testing at the INEL (3) Bullard, G.L., Alcazar, H.B.S., Lee. H.L.. and Morris, I.L.,

"Operating Principles of the Ultracapacitor," IEEE, 4th

Testing of high energy density capacitors for electric vehicle Symposium on Electromagnetic Launch Technology, Austin,

applications has been underway at the INEL since 1991. Summaries TX, April 1988.
of the test procedures used and results obtained are given in (4) Burke. A.F., Electrochemical Capacitors for Electric and
References 5 through 8. The test equipment now available at the Hybrid Vehicles - ch DOE Program and the Status of the
INEL for capacitor testing is listed in Table 5. This equipment, which Technology- 1993, The Annual Automotive Technology
was designed to be used for testing batteries, has been adapted for Development Contractor's Coordination Meeting - 1993,
testing capacitors with little difficulty. The standard types of tests October 1993.
performed on capacitors are listed in Table 6.

In addition to testing capacitors delivered to the INEL from (5) Burke, A.F., "Laboratory Testing of High Energy Density

industrial contractors and the National Laboratories as part of the DOE Capacitors for Electric Vehicles," EG&G Idaho, Inc. Report

Ultracapacitor Development Program (Reference 4), testing has been No. EGG-EP-9885, October 1991.

performed in recent months to determine the characteristics of the (6) Burke. F.,"The Development of Ultracapacitors for Electric
Panasonic 3 V, 1500 F devices and modules and packs consisting of and Hybrid Vehicles - The DOE Program and the Status of
up to one-hundred sixty eight (168) of the Panasonic 3 V, 500 F the Technology," The Annual Automotive Technology
devices, which will used at INEL to test capacitor/battery systems with
and without interface electronics between the capacitor and battery Development Contractors' Coordination Meeting, 1992, SAE

packs. Photographs of the Panasonic devices, modules, and packs are P-265, pp 377-389 October 1992.
shown in Figures I through 3. Test data for the Panasonic 1500 F (7) Burke, A.F., and Dowgiallo, E.J., " U/tracapacitorsfor Electric
device are given in Table 7 for constant current and constant power and Hybrid Vehicles - A Technology Update," Proceedings for
discharges. The constant power discharge data are compared in Figure
4 with similar data for the 500 F devices. The characteristics of the the I Ith International Electric Vehicle Symposium, Florence,

larger 1500 F device scale as expected from those of the smaller Italy, September 1992.

500 F device in that the energy density of the two devices are
essentially the same and the resistance of the larger device is (8) Burke, A.F., "Testing of Ultracapacitors and Batteries for

approximately one-third that of the smaller device. Electric Vehicle Applications," Proceedings of the Third
"International Seminar on Double Layer Capacitors and Similar

A four-cell string of the Panasonic 1500 F devices was tested Energy Storage Devices, Deerfield Beach, FL

at temperatures between -20oC and +65°C in an environmental December 1993.

chamber. The data for 100 A and 300 A discharges of the cells are
shown in Figure 5 and Table 8. The test results indicate that the
capacitance is essentially independent of temperature, but the
resistance increases monotonically with decreasing temperature due
primarily to the decreasing conductivity of the electrolyte. The
resistance of the capacitor at -201C is about 20% higher and at +65°C,
it is about 20% lower than at a standard ambient temperature of
250C.
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Table 1. Near-term and advanced goals for the DOE
Ultracapacitor Development Programs.

__ Deveopmnt Pogrms.Table 3. Simple calculations of energy density
(carbon-based ultracapacitors).aur win Cag lear NtrýTarsm Advanced

Weight (kg) 500 to 600 200 to 300 V.. (F/gipC)(1  Wk/kg(2 1

Power Density (W/kg)
Average 10 20

Onadeability 30 to 50 110 to 160 I 250 5.75
Peak (accel) ,0 375 to 550

Ukracatilar UVit 2 175 161

Energy stored (Wh) 500 750 3 125 259

Maximum Power (kW) so 80 4 90 33.1I

Weight (kg) <100 <50 (i) Capacitance for a single electrode

Volume (L) <40 <20 (2) Cell is 66% carbon by weight

Energy density (Wh/kg) >5 >15 N - (plqao V2

Maximum useable power Yg 1.5 3.6
density >500 >1600
(W/kg)

Round trip efficiency (%) >90 >90

Vehicej Aeleara•i•n

0 to 8 knh (sec) <20 <8

Table 2. Summay of ultracapacitor technology (Status 1993, Future Projections).

Cemsatretlem Performasee Status

Nama C"4ig gebotrode Electrolytem Whig whit aisetk Eff IcI Cost St Batge Cp. Rsis for
Mat'l (_______ _ _ _ 4 ) _ __ Volag Projection

NEC

FY prismatic cabn sulfuric acid n3 TA AA 45 low 4 S 2.2 MfQ S•e Sheet

F1 oril~lutt carbon sulfuric acid A.0 II a111 19 q low 14 5 t.gf ~e he

Panasonic spiral wound. carbon organic 2.2 2.9 7 400 80-90 low single 3 V 500- Lab Testsslnele cel Ice~ll10I1 m L~1 _ - - __- II I Q
Eas I nrismtIc carbon sulfuric acid 0-2 OS I low 6 it 0.5 Hfa Spec Sheet
Seiko button polacene organic 1.9 4.9 12 3 5 2.5 Mfg Spec Sheet

Pinnacle bipolar mixed oxides sulfuric acid 5 14 <10, o10.00 >9 high 2 1Ot V 0.01 Wtg Testing
Research (Ru. Ta) 0 - -
Institute Adv. Design____________ ______ 13 40 <10• ' 95 reed 200 ' 0 Pro ect ions

Mawl 1ll bipolar carbon/metal KOH 1 2 2 0.2 am0 90 OLd 20 1 V 55 Lab• Tests
Auurn coosite organic 7 9 1.5 2000 1.' med 20 3 V 13 Lab Tests

Livermore bipolar aerogel KOH 1 1.5 90 med 58 1 Y 35 Lab Tests
Nat'l Lab carbon

Sandia bipolar synthetic aqueous 1A4 1.7 0.35 1000 ' med 2 1 V 3I5 Lab Tests
Net'l Lab activated

Los Alamos bipolar conducting organic 10-20 ion ' ' Projections
Nat'1 Lab polymer on

(1) axxia power at which the energy recoverable from capacitor Is at least Set of that recoverable at 100 Wkg.

(2) Efficiency on the PS9DS cycle for the peak powr step at (k/hg)pk - 300.

Table 4. Simple calculations of cost (carbon-based ultnacapacitors).

SfWh

SlbC 5 Wh/kg 10 Whlkg 20 Wt/kg 30 Wh/kg

2 0.59 0.30 0.15 0.10

5 1.47 0.74 0.37 0.25

10 2.9 1.45 0.73 0.49

.s( bl k g)d,
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Table 5. Test equipment at the INEL for capacitor testing. Table 7. Summary of test data for a Panasomic 3 V, 1500 F.
capawitor.

Bitrode Tester (2)
Up to 20 V Teat To" ar I W". I S.e.

* 500 A discharge, 150 A charge Condition Me. s e ee 100
* Sequential charge/discharge c)cles with programmable current It

or power and voltage limits for both charge and discharge Co- r- CU - -

100 A 1 53.5 42.4 -423.5 -7074.7 1247

MNaccor Tester 100 A 2 53.5 42.6 -4259.S -71396 1-232
a 5 channels 20 V, 12.5 A 100A 3 52.5 42.2 -4219.4 -7047.0 1.301

2 channels 100 V, 12.5 A 50A 4 52.5 70.5 -35251 -67028 1467I channel 100 V, 50A 30 A 5 52.5 A70.5 -35251 -67479 I40
* All channels program for power and current and voltage limits -0 A 6 52.5 70 -3525.I -67M.9 1.4-7
* Can do sequential charge/discharge cycles o A 6 52.5 71.0 -3550. I 6756.0 1.47

* Used to test I V cells 150 A 7 53.5 22.5 -3359.6 -6251.2 1299
150 A 8 52.5 22.0 -3314.6 -6153.6 1.299

Enernv Systems Tester (1) 15o A 9 52.5 22. -3314.5 -6160.5 1.199
* 500 V, 500 A limits 300 A 10 53.0 9.7 -2856.1 4973.8 1.399

Can do sequential charge/discharge cycles with programmable 300 A 11 53.0 9.9 -2916.4 -5101.9 1.299
voltage limits

votg iis300 A 12 1-53.T I0 10. -2_946. ;515114 129* Used to test a capacitor unit. It tracked power in discharge of - -. 0 - R -
less than one second o t - -

90 W 13 50.5 71.0 -3302.2 -64319 1.365

Table 6. Standard ultracapacitor tests. 90 W 14 50.5 71.5 -3314.6 .6476.0 1365
90 W 15 30.5 71.5 .3307.7 -6476.1 1.290

I. Constant current charge/discharge is0w 16 505 33.8 -31316 -10.6 1245
2. Constant current charge/constant power discharge ISO w 17 50.5 33.6 1 -3122.2 -69.1 141
3. PSFUDS cycle (200 sec) (W/kg)ma = 300 or 500 No W Is 50.5 33.6 -3126.2 .6070.7 1241
4. Self-discharge test from rated voltage (48 hours) 360 W 19 50.5 14.6 -27133 -5227.9 1.199
5. Leak current test at rated voltage (3 hours) 360 W 20 50.5 14.8 -2736.3 -5302.1 1299
6. Repeat test I through 5 at temperatures above and below 360 W 21 50.5 14.6 -2704. -5229.7 1.199ambiet (-2° to55°C)13.•w 21 0.5 4.6 -20.7 -229. 1 .1ambient (-20* to 55*C) 450 W 22 50.5 10.7 -2431.4 -4759.7 1.299

450 W 23 50.5 10.9 -2537.9 -451.0 1.299
Table & Calculation of the effect of temperature on cell resistance
and capaitance. 450 W 24 50.5 10.9 -2537.9 -4851.0 1.299

720 W 25 50.5 6.1 -2336.6 -4098.5 1.299

TeMP Vi ' V3, I M.N I V I V. I 720W 26 51.5 6.1 -2336.9 -4098.1 1.199

720 W 27 50.5 6.0 -2324.6 4M007.4 1.299
100 A DISCHARGE

- -,- - . 900 W 28 51.5 5.1 -2316.5 -3836.7 1.299
65 10.25 9.62 1.58 9.0 6.85 1860 900 W 29 51.5 5.3 -24053 -3975.6 1.299

40 103 9.7 1.50 9.1 7.03 1932 900 W 30 51.5 5.2 -2353.8 -3930.0 1.299

25 10.2 9,45 1.8l .84 6.65 1826 Device Charsertlin:
5 10.2 9.45 1.88 8.84 6.6 1786 Weight: 87 5in Diameter. 7.7 cm

Lnt 14,9 cm Sht)& Cell

-10 10.1 9.28 2.05 8.63 6.6 168 Spirel wound Carbon-beaed

-20 9.98 9.08 2,25 835 6.03 1724

(I) All charge done at 100 A between 0 to 3 V
3O- A DIS CHARGE(2) Discharge to 0.5 V

65 10.25 8.2 1.7 7.58s 5.55 1773 (3) jtinLo e caculated fromd voltage chnge frm end-of-charge ao

40 10.3 8.45 1 34 7.86 5.8 1747 beginning of dicharge

25 10.2 8.2 1.67 7.58 5.55 1773 (4) Maximsun Nt cusri is 50 A durig coiso r dpon e ms

5 102 8.2 1.67 7.58 5.45 1690

-10 10.1 7.65 2.04 7.05 5.03 1782
-20 10.0 7.23 2.31 6.6 4.74 1777 Table 9. Statistical characteristics of

(1) Volage u t - 0 bebre discharge Panasonic 3 V, 500 F power capacitors.

(2) volage at t-0 afer discharge is initiat Weieht terams)
(3) Voltage at - 3 sec Average 307.4

(4) Voltat t - 13 sec Standard deviation 3.47

(5) Voltg &I t - I Mc Capacitance (Farads)
(6) voksg a t - 4 sm

Average 489.4
S- (V, - V,/x Standard deviation 15.7

99% confidence 489 +40

Statistics based on tests of 170 devices.
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Figure 2. A 12 V module of 3 V, 500 F Panasonic

power capacitors

Figure I. The Panasonic 3 V. 150 F po%%er capacitor
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Figure 4. Comparison of discharge data for the

"Panasonic 3 V. 500 F and 1500 F capacitors

Figure 3. The 168 V pack of 3 V. 500 F Panasonic
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Figure 5. Discharge characteristics of the Panasonic s 300 A 5CIO

3 V, 1500 F capacitor at temperatures between -20* and
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A FORTY-KILOJOULE CARBON DOUBLE-LAYER CAPACITOR

David A. Evans
The Evans Company
33 Eastern Avenue

East Providence, RI 02914

Abstract .30 .36 .87 3.0 433A
A high performance carbon double-layer capacitor

(DLC) was constructed using a five element equivalent 0T T-Z . ,f .. , I Z F
circuit model. It was designed for 15, 30, 60, or 120 V
operation, depending on buss connections. Activated
carbon with sulfuric acid was used to form its electro- T T T T i
des. The prototype had a mass of 27.5 kg and a volume
of 17 liters. It stored more that 40 kJ of energy. Figure 1. Equivalent circuit model for two series-con-

nected 1.5 F RE cell stacks derived from
Power performance was measured using resistance, impedance data.

constant-current, and constant-power loads. Currents
as high as 400 A and power levels up to 23 kW were
used. The capacitor would reproducibly deliver 5 kW Model calculations showed that approximately 10.001 F
for 4 s. 10 kW for 1.1 s, 15 kW for 0.5 s, or 20 kW for of capacity (at 0.94 V/cell) was needed to meet the
0.1 s. Voltage imbalance problems were not encount- power performance requirements. A minimum of 780 1.5 F
ered. Capacitor self-discharge power was below I W. cell stacks would be needed to supply the required ca-
The feasibility of this approach was clearly demon- pacity. For mechanical considerations, 816 cell stacks
strated. Design and construction details are reported. were specified for the design.
Methods to further reduce the size and weight of large

double layer capacitor power units are described. ZENJ , ROD
Introduction TOP END P.ATE

Evans was awarded a Small Business Innovation Re- ,.-- C
search (SBIR) grant from the Department of the Navy to i Lot COVER

determine if carbon double layer capacitor (DLC)
technology could be used as a bridge DC power source SILVESHT
for submarine computer systems. The Navy is interested
in the technology because DLCs have high power density, -CELL STACK
require no maintenance, and are free of the hazards
commonly associated with batteries. CONNECTOR

The proposed work had three main objectives. - szIzLVssirU
First, to design a DLC power source capable of a 15 kW
average discharge rate for a minimum of 100 ms. The n r .,
operating voltage was to be selected by external buss
connections at 15 to 120 volts. And, the unit needed Figure 2. Assembly diagram of the 15 kW capacitor.
to be sealed to prevent contamination and electrolyte
loss. Second, to fabricate the device according to The capacitor was divided into 16 tiers, each con-
this design. Third, to measure the electrical charact- taining 51 cell stacks. Provision for 15. 30, 60, and
eristics, evaluate power performance, and report the 120 V operation was made by connections to metal plates
results to the Navy. located between tiers. For 120 V operation, the 16 ti-

ers were placed in series by connecting to the two end
Discussion plates. Connecting the two end plates to one polarity

and connecting the center plate to the opposite polar-
Evans Capattery 1 F and 1.5 F type RE cell stacks ity gave 60 V operation. Configurations for 30 V and

were evaluated for use in the 15 kW capacitor. Both 15 V were similarly developed.
are eight-cell stacks providing reliable operation at
7.5 V (0.94 V/cell). These were evaluated for power DLC cells using particulate carbon electrodes need
performance using ac impedance methods. compressive loading sufficient to establish low resis-

tance contact among the carbon particles. In the case
An equivalent circuit model was developed for the of Capattery cell stacks, this load is approximately

cell stacks using complex impedance measurements. A equal to 100 pounds per square inch of cell geometric
five capacitor element RC network model was used to de- area. For the Navy device, this translated into a to-
velop an equivalent circuit model for a 15 kW capaci- tal axial load of roughly 9000 pounds. Because the
tor. Performance of this model was then simulated with load was distributed on a 13" circular area, and total
Micro-Cap (Spectrum Software) circuit analysis soft- deflection was to be held to 0.010%. 0.75" thick 6061-
ware. T6 aluminum end plates were selected.
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Figure 3. Scatter plot of ESR vs. capacitance shows Figure 5. Stored charge vs. voltage for eight charging
the distribution of parts selected for the currents ( 60 V setup). C = Q/V is calcu-
device. lated at 26.7 F for the 1 A charging cur-

To equalize voltage among the 16 tiers of cell rent. Stored energy is 48 kJ at 60 V.
stacks, a computer aided procedure was used to match so
cell stacks based on individual capacitance and ESR.
Additionally, a precision 1 kohm resistor was connected so
in parallel with the capacitors on each tier. The cur-
rent ( 7.5 mA) In the parallel circuit was on the order 40

of 20 times the leakage current of the device. The F

combined strategies resulted in very well-balanced vol- * so
tages during dynamic and static testing. Voltage dis- 3

tribution at charge and partial discharge conditions is
given in Figure 11. 10

0 I 10 1I 20 26 so

TIME Cs)

Figure 6. Capacitor voltage vs. time when charged at
50 A in the 60 V setup. The capacitance
calculated from this data is 22.5 F.

Figure 7 Is a plot of the small-signal impedance
data taken at the 120 V setup with a Schlumberger 1260
frequency response analyzer. Measurements are shown
over the frequency range 300 uHz to 10 kHz.

Ideal 4.8 F capacitor behavior is exhibited at
frequencies below 0.4 Hz. At higher frequencies, the
capacitance declines. The observed self-resonance at 1
kHz corresponds to a device inductance of about 5nH.
The ESR (resistance at self-resonance) is 0.09 ohms.

Figure 4. Photograph of the capacitor. The dimensions
are 13 inches diameter by 8 inches high to
the outside of the end plates. W 4N

Electrical Properties and Performance Measurements
10

The ESR was measured at I kHz according to the me- A

thod in DOD-C-29501. Measurements were made at each of A A

the four voltage setups. The results are shown in I I
Table 1.

Equivalent Series Resistance Values 2

Setup voltage (V) ESR (ohms)

15 0.005

30 0.009
60 0.026
120 0.088 m 1 10 100 a ilk

5:6::5:555:5::5==::555:==Fn.=c,. DIC] ->

Capacitance was measured by constant-current
charging and by ac impedance spectroscopy. Comparison Figure 7. Reactance and resistance vs. frequency in
of the results can reveal non-ideal behavior, the 120 V setup.
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Capacitor power performance was measured using 50000
three types of loads--resistance, current sink, and 46000

power sink. Test procedures and results follow. 40000

For resistance discharges, a low-inductance. 3__W
water-cooled 'dump" resistor was used. A precision, 2

0
000

low-inductance 2000-A-capacity 50 uohm shunt resistor 20000

was in the circuit to measure current. Tooo

The capacitor was first charged to its setup vol- OOO
tage, usually with 3 A current. The charging supply 0ooo
was then disconnected. Capacitor and shunt voltage
connections were made to a 50 MHz dual-channel digital 200 40 O O 1000

storage oscilloscope, which triggered at switch clos- IMEff(--

ing. Delivered power was calculated as the product of
the capacitor voltage and circuit current. This proce-
dure eliminated the need to have numerous, high-preci- Figure 9. Three consecutive constant-power discharges
sion, high-power dump resistors since voltage on the at 15 kW (120 V setup).
entire load (cables, dump resistor, and shunt resistor)
was measured.

Figure 8 shows delivered power versus time for --- A

three capacitor discharges. Two were at the 120 V se- - A-] .

tup and one was at the 60 V setup. An average power of A•--A
15 kW was delivered for nearly 500 ms. Many additional I,15 A'•,. --
discharge tests were conducted using resistance loads, • ___

all with comparable results. ,o .

50000

45000 0 I 2 6 4

40000, 70#4E (0)

35000

3000 --. ~v*.Figure 10. Delivered power during discharges at four
2•2o • -- current levels from 100 to 400 A (120 V
000 - setup).

150001

6000 The equivalent of 128 capacitor cells are series

0 connected in the 120 V setup. Performance problems
4 20 40 co go ,co could occur if any were charged to a voltage higher

TMIE. than 1.22 V. As previously described, careful atten-
tion was given to cell stack matching in the prototype

Figure 8. Power performance with resistive loads in capacitor to avoid over-voltage. Balancing resistors
the 60 and 120 V setups. More than 15 kW were also used to help maintain a uniform voltage dis-
was delivered for the 100 ms time period. tribution along the cell stacks.
An average power of 15 kW was delivered
for 500 ms. Measurements were made to determine the effective-

ness of these approaches for establishing and then
The Energy Systems tester located at INEL was used maintaining cell voltage balance. Figure 11 shows vol-

for constant-power discharge testing. It was comprised tage measurements between pairs of terminals obtained
of a programmable control module, a power absorbing mo- after a 3 A charge to 120 V (120 V setup). Voltages
dule. and a data acquisition module. The rise-time of appear well-balanced. Each was well below 19 V, the
the power absorbing module was 10 us (10 to 90% at critical potential for electrolysis. The voltage dis-
500 A). Data was acquired and recorded at 100 ms time tribution after discharge of the capacitor to 60 V
increments. Measurement and control resolution were through a 0.5 ohm resistor is also shown. A uniform
both 0.025% (12 bit). The tester incorporated an on- voltage distribution is evident.
line calibration system to maintain its accuracy. Two ,0
4/0 cables from the tester were connected to the proto- ,1

type capacitor for testing. Mr. Ed Martin, under the '2
direction of Dr. Andrew Burke (both of INEL), conducted
the capacitor tests. Dr. John R. Miller from JME, Inc. E ,1 -
witnessed them.

These results shown in Figure 9 confirm the power
potential of the prototype capacitor. Results also
show the extraordinarily high power capability of 2

double layer capacitor technology. Consistent results -
during consecutive discharge cycles were also demon- ,-2 2-3 9-4 ,4 -67 •

strated. 
TEMAINAL

Figure 11. Voltage distribution in the capacitor after
The INEL tester was also used to obtain constant- a 3 A charge to 120 V (120 V setup). Vol-

current discharge data. A similar 50 A, 100 s charge tages are given between pairs of terminals.
to 120 V was used. Power performance for the constant- Also shown are voltage measurements after a
current discharge tests is shown in Figure 10. subsequent 0.5 ohm discharge to 60 V.
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The capacitor was made up of 816 1.5 F modules. These changes should also reduce the cost of
Each module had eight cells and was individually building large devices. In addition to material say-
sealed. Optimization of a large device does not allow ings, there should be substantial time and labor sav-
the volume or weight required for sealing hundreds of ings. These savings are critical to the marketability
small modules. Redundant packaging and seals could be of these capacitors.
eliminated by building larger cells. Work is ongoing COMPSON

to design devices with improved energy density. The ROS ELECTRODE
main effort is to develop higher capacity, large geo- 7 MA L

M etric area particulate carbon electrodes. Large in-acreases in energy density would be achievable by reduc-
ing the amount of inactive material used for seals and END PLATES
supporting packaging, and Incorporating improved carbon
electrodes. Designs with at least 60 % volumetric CELL STACK

packaging efficiency should be readily attainable. Fi- P2 E

gures 12 and 13 show the volume and weight fraction of 249

the various materials of construction for the capaci-
tor.

COMPRESSION CURRENT
ROOS COLLECTORS

ELECTRODE 17%

Figure 13. Weight percent of each material used in the
prototype capacitor. The electrode mater-
ial comprised 19% of the total.

CURRENT
COLLECTORS Conclusion

3%

It is possible to accurately predict the perfor-
CELL STACK mance of large DLCs by the application of models based
PACKAGE on smaller DLCs. Demonstrating this approach, a 120 V,

3&M 5 F capacitor was designed and constructed using models
Figure 12. Volume percent of each material used in the developed for 7.5 V, 1.5 F modules. DLCs with extreme-

prototype capacitor. The electrode mater- ly high power performance can be built. The potential
ial occupied just 33% of the total volume, exists for significant improvement in energy density.
Larger area capacitor cells would signifi-
cantly reduce the volume fraction in the
cell stack package.
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Abstract same size and rating) by 10%. In other words, 10%
fewer cells are needed to obtain the same operating

This paper presents results from our investigation of voltage. Thus, NC capacitance will increase by 10%
cell uniformity requirements for high-voltage electro- along with the stored energy. But fewer cells are
chemical capacitors (ECs). A lumped-element equivalent used--the mass of the EC will be 10% lower. Conse-
circuit model is first derived to simulate the elec- quently, the resultant energy density increases by a
trical response of a single cell. Complex impedance factor of 1.1/0.9 - 1.22 or 22%.
data is used for this. Then a high voltage NC model
is created by series connecting these single-cell Similar calculations show that a 20% increase in
circuits. Finally, model performance is statistically the average cell voltage of a multicell capacitor
evaluated using a Monte Carlo analysis. Both static produces a 50% increase in its energy density!
and dynamical performance is reported. Cell voltages
are obtained as a function of the specified tolerances There are advantages in addition to energy
for each element in the single-cell equivalent circuit density for operating an NC at the maximum possible
model, average cell voltage. One is reliability. An EC

should be more reliable with fewer cells. A second is
The presented approach establishes the relationship cost. It should be lower when fewer cells are used.
between cell uniformity specifications and the maximum And a third is power performance. EC equivalent series
average cell voltage that a multicell EC can be resistance (NSR) will be lower with fewer cells.
operated at reliably. This approach can readily be
extended to include thermal management specifications.

Circuit Mode1s
Introduction A multicell EC is schematically shown in Fig. 1.

It is comprised of N series-connected cells, each
Electrochemical capacitors (ECs) are attractive obtained from a specified population. The voltage on

power sources for many reasons. One is energy an individual cell in this string is equal to its
density--EC. typically have 10- to 100-times higher impedance times the circuit current. Because the cells
values than conventional capacitors. Unfortunately, do not all have identical impedances, the voltage on
the operating voltage of an EC cell is low, typically each one is different and in fact characteristic of
in the 1- to 3-V range depending on electrolyte, the impedance population.
Thus, many cells must be series-connected to form a
practical device. For example, hundreds of series- v4(t)
connected cells are needed to satisfy the voltage
requirements of the electric vehicle (EV) load-
leveling application. Consequently, cell-to-cell
property and performance uniformity is critically
important in order to maintain acceptable voltage .1 2. _E3 43 - ---

balance within the cell-stack.

For reliable EC operation, it is imperative that i(L)

the voltage on every one of the series-connected cells
never exceeds Vc, the breakdown potential of the elec- Figure 1: Schematic of a high-voltage electrochemical
trolyte. This must be met under all operating condi- capacitor. The current i(t) is equal to the voltage
tions. That is during static situations, where the EC V(t) divided by the sum of the cell impedances. The
is held at its maximum voltage for extended times, to voltage on a cell is equal to I times its impedance.
dynamic operation, where it is rapidly charged or
discharged. Consequently, voltage balance must be Fig. 2 is an equivalent circuit model for one of
maintained at all frequencies. the above cells. It is a five-time-constant ladder

network that simulates the distributed resistance and
Significant advantages are offered by reducing capacitance present in an EC cell. Resistor RL is

cell variability and thereby being able to operate it established by the leakage current. Resistor Ra is
at a higher voltage. For example, if cell variability determined by the high-frequency resistance of a cell,
were reduced so that the average cell voltage could be i.e. the impedance at self-resonance, or equivalently,
increased by just 10%, then the energy density of the by the IR drop during a step-change in current. Other
device would increase by over 22%. circuit parameters are derived using cell impedance

data with a complex-nonlinear-least-squares (CNLS)
The above energy density calculation was made as fitting routine, Collectively, the five-capacitor/

follows. A cell-voltage increase of 10% reduces the six-resistor circuit model can accurately simulate the
required number of series-connected cells (each of the impedance of one EC cell at all frequencies (1).
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*a 03 Pt 34 as ThULK 11 MAXIMUM AVERAG SILL M2LTAGI to a AMMWE
ELECTROLYTE

C CCell Resistance Maximum AverageTolerance (%) Cell voltage (V)

5 1.14
10 1.09

fElula 2: Equivalent circuit model for a single cell. 20 1.00
This five-time-constant ladder network is derived 30 0.92
using ac impedance measurements. 40 0.86

50 0.80
The above circuit model can be simplified in the ... ===..=.=.=.=.=.=.==.=====..=. . .=========.=.======a=

limits of low and high frequencies. In the low-fre-
quency or dc limit, all five capacitors in the Fig. 2 An listed in the table, the maximum average cell
circuit model act as open circuits so that the model voltage is 1.00 V for a distribution of cells having a
reduces to a single resistor RL. In the high fre- resistance tolerance of 1 20%. Average cell voltage
quency limit, the five capacitor elements act as decreases to 0.92 V for a tolerance ofT 30%. And with
shorts. Then the model reduces to a single resistor a tolerance of 150%, the maximum average cell voltage
Re. Here, Re is assumed to be much less that RL, a is 0.80 V.
condition always met in practical devices.

EC operating reliability can be estimated at a
In summary, a circuit model that is accurate for given average cell voltage if resistance tolerances

a typical SC cell in the low- and the high-frequency are further specified. For example, if 99.9% of the
limits is very simple. It is just one resistor. cell resistors meet a ±10% tolerance, then 0.1% could

be outside this range. Therefore in a 300-cell SC
operating at the maximum average cell voltage listed

Model e in the Table, approximately 300 X 0.001/2 = 0.15 cells
in the string will have voltages greater than Vc-

Hig- and Low-Frequency Limits
Consequently, every sixth 300-cell EC, on the

The equivalent circuit model for an SC cell in average, potentially will have a serious flaw, i.e. a
the low- and high-frequency limits is a single "bad cell.* In other words, -16% of the ECs assembled
resistor. Consequently, the current flowing in a from such a population of cells may fail during either
circuit comprised of N series-connected EC cells is dc or high-frequency operation if operated at the
i(t) . V(t)/('l Rx). Here, V(t) is the time-dependent calculated maximum average cell voltage of 1.09 V.
voltage applied to the N-cell capacitor and Rx is the
resistance value of cell x. As a second example, successful operation of an

aqueous EC at an average cell voltage of 1.0 V
For a large number of cells N, and where the requires a cell resistance tolerance of 20%. Assuming

width of the resistance distribution of the cells is that the cell resistance populations are normal
small compared to its mean value Ro, the current can (Gaussian) and that tolerances are set at the 99.9%
be well approximated as io = V(t)/(NRo) (2). Th.ts in level, then the required standard deviation for the
the low- and the high-frequency limits, the voltage on resistance values is 20/3.29 - 6.1%. (3.29 standard
cell x is equal to ioRx, where Rx can be either the deviations includes 99.9% of the area under a normal
cell's RL or Re. Consequently, the distribution of curve.)
cell voltage exactly mimics the distribution of cell
resistance values in these limits. Thus RL and Re in this example, if normally dis-

tributed, need to have a standard deviation of less
Consider the distribution of cell voltages in the than 6.1% in order to provide reliable operation of an

multicell EC shown in Fig. 3. Here, Va = ioR 0 is the aqueous EC at an average cell voltage of 1.00 V in the
average cell voltage and Vc is the critical electro- dc and the high-frequency limits. For operation at an
lyte breakdown potential, a value that can cause average cell voltage of 1.10 V, the corresponding
irreversible performance change in a cell if exceeded, standard deviation in resistance values is 2.7%. These

may need to be reduced further, as mentioned before,
4V to permit acceptable manufacturing yields.

c.Usj Intermediate-Freauencv Region

Voltage-balance determination at intermediate
V8 VC frequencies is more complicated than at the limits.

CELL VOLTAGE M Here the complete circuit model (Fig. 2) is needed to
accurately describe the dynamical response of an 2C.

Fiaure 1: Cell voltage distribution in a multicell Variability in each circuit element will affect the
electrochemical capacitor. The average cell voltage cell voltage in some very complicated manner. For
is Va and the cell operating voltage limit is Vc, the example, one cell in a series string may experience
breakdown potential of the electrolyte. above-average voltage when charged at one rate and

below-average voltage when charged at a different
If cell resistance values (Re or RL) are rate, depending on the exact values of its circuit

specified to have a tolerance of ± Y%, then it is elements from the specified distributions.
imperative that Va + (VaY/1

0 0
) ,. Vc for reliable

operation. Rearranging, Va SLVc/(l + Y/100) gives the The cell voltage distribution at intermediate
maximum average cell voltage as a function of resistor frequencies was statistically determined using a Monte
tolerance. Table 1 lists the maximum allowable cell Carlo approach. This involved creating a multicell
voltages calculated from this equation for an aqueous circuit using elements randomly selected from the
electrolyte (Vc - 1.2 V). specified populations. Then this circuit was analyzed
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to obtain the voltage on a single cell. Next, another Fig. 6 shows cell voltage versus frequency in the
multicell circuit was randomly generated and analyzed situation where all circuit resistor elements have
to obtain a second voltage value for the cell. This variability. The width of the voltage distribution is
sequence was repeated numerous times to establish the greater than seen in Fig. 5. As previously shown, a

distribution of cell voltages for the RC. distribution in the resistances primarily creates
voltage variability in the high-frequency region.

The Monte Carlo approach is demonstrated using
the single-cell circuit shown in Fig. 4 as the "build- --,
ing block." Cell circuit elements were derived using 280
impedance data from a 53-F, 0.012-ohm-ESR, single-
cell, aqueous electrolyte, double layer capacitor. -.

S240

0.012 0.0034 0.0094 0.026 2.01

200to lot lol ,o1

1.5 1.17 4.52 11.5 30.1 3.90 Frequency i(2)

Figaure f: Cell voltage versus frequency for 500
simulations. Resistance values were randomly selected
from normal distributions having 20% tolerance limits

Figure 1: Single-cell circuit model used to perform at the 99.9% confidence level. Capacitance values are
the Monte Carlo voltage distribution analysis. This fixed. The mean cell voltage was 0.25 V.
model was derived using impedance data from a 53 F
prototype capacitor. The listed values are in Farads The influence of capacitance variability on the
and Ohms. cell voltage distribution is shown in Fig. 7. The

low-frequency region is affected predominantly here.
Four separate situations are analyzed. The first The width of the cell voltage distribution increases

examines influences on the cell voltage distribution progressively as the frequency is reduced, reaching a
due to variability in the ESR. Here all circuit maximum value at -20 mHz (-25 s charge or discharge
elements except R aare held fixed. The second times).
examines influences due to variability in all of the

resistor elements. The third examines influences due 3
to variability in all of the capacitor elements. And 200
the fourth examines influences due to variability in 20
all of the circuit elements collectively.

2 40

In each situation, the distribution of values for __-- -

the circuit elements was assumed to be normal. A 20% A--, , ,-.

tolerance at the 99.9% confidence level was selected
for this example. High confidence in the simulation Frequency (HZI

data was developed by evaluating 500 individual Figure 2: Cell voltage as a function of frequency in
randomly-generated circuits for each of the four the multicell EC having an average voltage of 0.25 V.
situations. Each of the five capacitor elements has variability,

characterized as normal distributions with 20% toler-
Simulations were performed by applying sinusoidal ances at the 99.9% confidence level.

voltage waveforms to the multicell EC. The correspond-
ing average signal amplitude on each cell was 0.25 V. Every circuit element has variability in the

300 Fig. 8 simulations. The width of the cell voltage
S. distribution is greatest at high frequencies. The

2t minimum width of the voltage distribution is in the

260 region -90 mHz to -500 mHz.

"0 2404222o --------- -__--- -_---_-0- -
S2102

a multicell EC comprised of Fig. 4 cells. The average .• no -

cell voltage is 0.25 V. Data from 500 simulations are 0200
shown. Only ESR has variability. It is characterized 00 00 20 0 --0-

by a normal distribution with a•20% tolerance at the '~e'~nc (N.)
99.9% confidence level. For this EC, the high- Flours jo Cell voltage versus frequency for a multi-
frequency limit is reached at -100 Hz. cell BC. The average cell voltage is 0.25 V.

Voltages for the 500 trials show the collective
Fig. 5 shows the cell voltage for the first situ- influence of variability in all circuit elements.

ation where only ESR variability exists. If R5 had Element values have normal distributions with means
been fixed in these simulations, then the cell voltage given in Fig. 4 and tolerances of 20% at the 99.9%
would have been 0.25 V at all frequencies. As shown confidence level.
in the figure, ZSR variability has a progressively
greater effect as the frequency is raised above The simulation trials shown above can be further
-50 mHz (charge/discharge times of -10 s or less), analyzed to quantify the cell voltage distribution.
From the simulations, it is evident that the capacitor Histograms of cell voltages for the case where all
reaches its high-frequency limit at -100 Hz. At circuit elements have variability are shown in Fig. 9.
frequencies above this value, the width of the cell Results are given for three frequency bands, 0.01 to
voltage distribution is constant and at a value 0.02 Hz, 0.1 to 0.2 Hz, and 1 to 2 Hz. The mean of
consistent with the analytical results obtained in the each distribution is very close to 0.25 V, the value
high-frequency limit, expected. Standard deviations for each band are
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respectively 0.0077 V, 0.0055 V, and 0.0077 V. The A histogram of peak cell voltages for the above

maximum observed voltages in each band are similar and simulation is shown in Fig. 11. The "an of the die-

equal to approximately 0.27 V. tribution wan 1.004 V, the standard deviation was

0.029 V, and the maximum cell voltage was 1.084 V.

Peak cell volta•e (V)

0. 1 to 0.2 H S 11: Histogram of peak cell voltages obtained

for a 500-trial Monte Carlo transient analysis simula-

$ tion of a multicell EC. The average peak cell voltage

was 1.00 V. The maximum cell voltage observed in the

simulations was 1.084 V.

D.iscussln

The distribution of cell voltages in a multicell

I'EC depends on the distribution of cell impedances.
Because the cell Impedance is complex, the voltage

1.0 to 2.0 NZ distribution will be frequency dependent. Results from

this study show that the width of the cell voltage
S• distribution is greatest at the high- and low-

Ufrequency limits. Thus, voltage imbalance situations

are most problematic during high-rate charging or

discharging and during constant-voltage conditions.

4 The above conclusion is based on three assumptions.
First, elements in the circuit model of a cell are

independent random variables. Second, they all fit a

normal distribution. And third, their tolerances are

Cell Voltage (mV) identical. For a specific multicell EC, the popula-
tion of cells used to assemble it must be character-

FIgure 2: Cell voltage histograms in three frequency ized and used to establish the actual distributions of

bands obtained via Monte Carlo simulations of a multi- circuit element values. Then in using the described

cell NC (Fig. 8 date). The average cell voltage was approach, the maximum average cell voltage for

0.25 V. All circuit elements have variability charac- reliable EC operation can be accurately determined.

terized by normal distributions and 20% tolerance

limits at the 99.9% confidence level. This approach should also be useful for establishing
thermal management specifications in large, multicell

A Monte Carlo transient analysis simulation was ZCe. EC properties and performance are strongly depen-

also performed on the same multicell 2C for the situa- dent on temperature [1). Thus, thermal gradients may

tion where all circuit elements have variability, create voltage uniformity problems even if every cell

Here, the average cell voltage was ramped linearly is identical. Temperature coefficients can be deter-

from 0.5 V to 1.0 V in 30 s followed by a linear mined for each element in the equivalent circuit model

decrease to 0.5 V in 10 a. Fig. 10 shows the voltage- of a cell and used in Monte Carlo simulations. Thus,

time results for the 500 trials, temperature as well as cell property uniformity
requirements can be established.
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r procedures used to produce finished electrodes without
degradation of the active carbon.

Chemical double layer capacitors have high enrgy
densities compared to electrolytic capacitors and high power LMU 1
densities compared to batteries. These properties make CDL
capacitors applicable to various applications such as load mterials
leveling in electric vehicles. Some shortcomings of carbon-
based CDL capacitors are relatively high equivalent series Chopped activated carbon fibers (2 mm length, 8 pm
resistance, pressure requirements, and difficulty in diameter) with surface area ca. 1500 m2 /g were obtained
maintaining uniformity. Auburn composite electrode from Federal Fabrics. The cellulose binder was a cotton
technology, which is described within, addresses all of these based ashless paper (Whatman). Chopped nickel fiber (2
problems. Some of the routes taken towards optimum mm length, 2 Im diameter) was purchased from Ribtec.
processing conditions and composite electrode formulations Airco provided argon (99.997%) and hydrogen (99.95%),
will also be discussed, which were used without additional purification.

Electrolyte, 6.1 M KOH, was prepared from a 45% solution
Introduon (Fisher Scientific) using distilled water as a diluent. Nickel

foil (13 pim thick) was acquired from Fine Metals.
The history, fundamentals, and general uses of

chemical double layer (CDL) capacitors have recently been Preform Fabrication
reviewedl,2,3 . CDL capadtors possess much higher energy
densities than electrolytic capacitors and their power Particular carbon-metal-celluloee formulations were
densities outstrip batteries by orders of magnitude. selected and appropriate amounts of each component were
Furthermore since CDL energy is a physical phenomenon, blended together until homogeneous. Sheets of
the number of charge-discharge cycles is not limited by approximately 20x20 cn were made using an Adirondack
factors normally affecting rechargeable batteries. Carbon- sheet mold. All of these operations were carried out using
based CDL capacitors do have some shortcomingsL Namely distilled water to limit ion contamination. Disks 0.57 cn in
the equivalent series resistance (ESR) is relatively high, diameter were punched out of sheets, aligned on foils,
pressure is required to maintain physical contact between sandwiched between fused silica plates and held in place
high surface area carbon particlesl, 2, and uniformity is with fused silica clips.
difficult to obtain (as evidenced by in-house characterization
of purchased CDL capacitors). Auburn composite electrode Enterin
technology addresses all of these problems. Clipped assemblies were lowered into a 10 cm ID

Specifically these composite electrodes consist of a fused silica reactor tube which was heated with an AT5 tube
dispersion of high surface area activated carbon fibers within furnace. After purging, various steps were implemented as
a bonded conductive metal fiber network. The metal fiber will be detailed below. The reactor was equipped with a K-
network serves as an extension of the foil, to which it is type thermowell Inserted axially to locate the tip at the
bonded, into the charge storage medium. The result is low center of the region where the samples were placed. This
ESR and no pressure requirement for operational capacitors. provided more reliable local temperatures than the furnace
Electrode preforms are made by combining metal and thermocouples which were external to the reactor tube and
carbon fibers with a suitable binder using a conventional in fact closer to the heating elements than to the center of the
paper-making process which yields homogeneity and flowing reactant stream. Gas flow rates were determined
uniformity both within sheets and from one sheet to the and controlled with calibrated rotameters. Total flow rates
next. Since paper production Is a well established art, the (except during purging periods) were set at about 500
transition from laboratory scale to plant scale production ml/min (STP) which corresponds to a linear flow rate of
would be relatively smooth. Another advantage to this about 6.2 cm/min. All reactions were carried out at
technology is the ability to tailor the electrodes to particular atmospheric pressure.
power or energy densities as demanded by an application.
This is accomplished primarily through selection of lectrodeCharaerization
electrode formulation (i.e. carbonimetal:bindar ratio) but care
must be taken not to adversely affect the carbon during the Finished electrodes were impregnated with
sintering process which is required to bond the metal fibers electrolyte and assembled in pairs with ion-permeable
to one another and to foils. This paper describes methods polymer separators. This assembly was positio•nd between
used to determine electrode formulations for maximum two nickel plates which served as the electrical connections.
energy densities while maintaining low ESR as well as the Sample capacitors of this type were then charged under a
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potential of 0.98-1.02 V for two minutes followed by Table 1. Evaluation of Sintering Procedures.
discharge into a known load. Charge-discharge cycles were
monitored with a Lecroy 9450a oscilloscope. Waveforms 0oeure Bole Eec. Dpm_ .^ .,y ,tI
were downloaded and analyzed to determine capacitance, I /it' n a WhL

ESR, energy, etc. After a series of tests, the samples were - T._

weighed to allow calculation of the gravimetric energy ____
density and specific capacitance.

Results and Discussion
There seemed to be little to gain from use of pyrolyzed

Sintering Procedures cellulose and some question about the fate of the cellulose
pyrolyzation products. Specifically if any of these products

Bonding of metal fibers to one another and to the foil were relatively high molecular weight hydrocarbons then

is critical to formation of the conductive network which the potential existed that these molecules would adsorb and

reduces ESR and also provides mechanical strength to the remain on the active carbon under these conditions. It was
resultant electrodes. Sintering basically involves the use of also possible that these species would pyrolyze rather than

thermal energy to accelerate diffusion processes which cause volatilize as the temperature was raised during the actual
bonding at every metal-metal contact. Initial work involved sintering step. This would result in loss of charge storage
the use of hydrogen to remove surface oxides which tend to area especially if pore openings were blocked.

impede sintering4 ,5 . Hydrogen also promotes gasification
rather than pyrolysis of cellulose and, of course, would tend The next change in procedure was the addition of 5%

to reverse the oxidation of metals which could occur by hydrogen to prevent pyrolysis of cellulose and to promote

reaction with certain cellulose gasification products. formation of low molecular weight cellulose gasification

Unfortunately many metals catalyze hydrogasification of products which would be less likely to adsorb on the

carbon at metal sintering conditions. In fact activated carbon at these temperatures. This procedure,

hydrogasification of amorphous carbon can occur below labeled 3, also eliminated hydrogen from the sintering step

typical sintering temperatures of nickel without the presence altogether. Inclusion of hydrogen at 500*C should be

of a catalyst. In either case surface area and thus charge sufficient to remove surface oxides from nickel, and since

storage area would be lost. One approach for reduction of cellulose was removed no hydrogen was necessary during

carbon losses from gasification was to adjust sintering the sintering step to reverse oxidation of metal by

temperatures to take advantage of the difference in gasification products. Procedure 3, in summary, includes a

activation energies of diffusion and catalyzed gasification, purging/drying step, a cellulose elimination/metal

which has been illustrated with electrodes containing reduction step, and an argon sintering step. As Table 1
s ssteel6 7 . This procedure involved a room shows, these changes further enhanced the energy density

stainlessesteelloled a roo while the specific capacitance decreased. The capacitance
temperature purge followed by immersion of the reactor into decrease was probably caused by active carbon surface area
a hot furnace. The approach taken here, however, was to reduction due to cellulose gasification products as explained
break the procedure into additional steps in order to above. The greater energy density suggests that elimination
completely prevent hydrogen induced carbon damage rather of cellulose, as opposed to pyrolysis, was favorable. This
than reducing it. was understandable in light of the fact that the interstices

Procedure 1 includes three steps, namely purging, between fibers were never completely filled with electrolyte
drying, and sintering. The drying step was added based on so leaving them filled with relatively low surface area

evidence that, in the presence of nickel, hydrogen-water carbonized cellulose was paramount to adding dead weight.

mixtures more readily gasify graphite than either component Procedures 4 and 5 involved the use of successively
alone 8 . Addition of the drying step had little impact on the larger concentrations of hydrogen during the cellulose
total time of the reaction sequence since it was actually elimination/metal reduction step for the purpose of further
incorporated by heating to 200 0C during a portion of the promoting the formation of low molecular weight cellulose
purging step required to remove oxygen prior to addition of gasification products. The data in table 1 show that this
hydrogen to the reactor. Following the drying step approach was successful. In fact the specific capacitance
hydrogen (1% H2/Ar) was admitted and the reactor improvements support the idea that cellulose gasification
temperature was increased to a sintering temperature of products can lead to loss of surface area. Further work
1050*C. Data from electrical characterization of samples should be done to refine the temperatures and duration used
made using procedure 1 and other procedures are listed in for each step.
Table 1. Since complete gasification of cellulose would leave
a void to be filled with electrolyte, the second procedural Generally comparisons of sintered and unsintered
adaptation, labeled procedure 2 included a 500*C pyrolysis samples show that, while sintering improves ESR and
step carried out in the same argon flow used during drying. energy density (due to better utilization of carbon and
Pyrolysis was followed by a sintering step with 1% H2/Ar. removal of cellulose), the specific capacitance always
The rationale was that the potential void could be left filled decreases due to some degradation of the carbon. The data
with a carbonized cellulose fiber which would provide a in Table 2 seem to indicate that procedure 5 improves the
modest addition to the charge storage surface area. Table I carbon. It is possible the improved capacitance might be due
indicates that this pyrolysis step, while affecting the specific to improved utilization of the carbon allowed by the
capacitance in only a limited fashion, resulted in conductive network. Nonetheless this illustrates that this
significantly lower energy density as compared with the reaction sequence is certainly not detrimental to the carbon.
previous procedure. Also note the vast improvement in ESR and concomitant
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increase in energy density afforded by the conductive result in lower energy densities as expected. When the metal
network. content was too low the energy storage capability of the

carbon was not realized and again the energy density was
Table 2. Comparison Between Sintered and Unsintered low. It appeared that the optimal ratio of carbon to metal for

Electrodes. maximum energy density was in the range 85-90%. It should
be noted that higher metal content will generally result in

l Voge . _c. nergy nsit lower ESR and higher power densities. The metal-carbon
sinuered F1.0 .formulation can be manipulated to tailor capacitors to41 1i n8 7e 0 .0.021 7

unsintered . 134 0 5.02 1.39 various power or energy density specifications as demanded59 sintered 1.01 b5 00 63 1.7

unsintered 1.01 103 0.80 4.92 1,37 by a given application.

Preform Formulation 10 1 T 1

Effect of Cellulose: A carbon:metal ratio of 6:1 was
chosen to study the effect of cellulose content on the
performance of finished electrodes. Sheets with cellulose 2 §
contents of 1-30% by weight were made, and electrodes were :. 0
fabricated using procedure 5 discussed above. As shown in C 8
Figure 1, cellulose content did not appear to dramatically ( 0

effect energy density at levels from 5-20%. Above 20% two >,
effects were probably detrimental. First, greater void •
volume was left when cellulose was gasified, and to the Cw
extent that the voids were filled with electrolyte greater
device masses and lower energy densities resulted. The
second effect was that with larger amounts of cellulose
greater quantities of gasification products were formed and 0 I I I I ,
could have potentially resulted in reduction of activated 60 65 70 75 80 85 90 95 100
carbon surface area by surface fouling as detailed above. Percent Carbon in Finished Electrode
Interestingly at the lowest cellulose content tested, namely
1%, the energy density was a bit low. The cellulose binder Figure 2. Effect of Carbon to Metal Ratio.
was necessary to ensure metal-metal contacts. With reduced
contact there was reduced bonding which led to an inferior Conclu
conductive network and inefficient utilization of active C ions

carbon area. The cellulose content should probably remain A reaction sequence can be used to prevent rather
in the range of 2-10% for best carbon utilization and minimal than simply reduce hydrogen-induced degradation of the
degradation of carbon. active carbon charge carrying substrate.

7 ICellulose content should remain in the range of 2-10%
for maximum energy densities.

The carbon content relative to metal should lie in the
0 range 85-90% to maximize energy densities.

S6 0 0 Acknowledgements

S 0 This research was funded by the U.S. Department of
00 ), Energy through Maxwell Laboratories, Inc. under

D 5 osubcontract number MLS-CR92-1098.
C

References

(1) M.F. Rose, Proc 33rd Int. Power Sources Symp., Cherry
4 I I I I I I I Hill, NJ, USA, 1988, The Electrochemical Society,

0 5 10 15 20 25 30 35 40 Pennington, NJ, USA, pp. 572-592.

Percent Cellulose in Preform (2) M.F. Rose, C. Johnson, W.T. Owens and B. Stephens,
J. Power Sources, 47,303, (1994).

Figure 1. Effect of Cellulose Content of Electrode Preforms. (3) A. Yoshida, K. Imoto, H. Yoneda and A. Nishino,IEEE Trans. Comp. Hybr. Man. Tech, 15, 133.

Carbon:Metal Ratio: With cellulose content in the (4) D. Kohler, J. Zabasajja, A. Krishnagopalan and B.

range specified above, formulations were chosen to study Tatarchuk, J. Electrochem. Soc., 137,136 (1990).
the effect of the carbon:metal ratio. Sample electrodes were (5) B.J. Tatarchuk, M.F. Rose, A. Krishnagopalan, U.S.
made according to procedure 5 detailed above. The results Patent 5,102,745.
shown in Figure 2 indicate that lower percentages of carbon (6) B.J. Tatarchuk, U.S. Patent 5,096,663.

21



(7 .Ko&we, J. Zabesalja M.F. Rose and S. Tabarchuk, (8) .T.K Baker aMW ID. SewwOod, J. CataL, 20,196,
E.w~t~dwm. Soc., W3,12750 (19M). (1990).

22



Optimization of Carbon Fibers Used in Electrochemical Capacitors for
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Introduction Both the aqueous and organic designs use

Double layer capacitors (DLCs) are energy storage high-surface-area carbon fiber in the electrodes. This
devices that have gained acceptance in recent years. material was chosen because of its high performance,
Their energy and power density make them attractive for availability, and relative low cost. Porous carbon has been
applications whose performance requirements fall between recognized as a high performance material for DLCs since
traditional electrostatic capacitors and rechargeable the first units were developed.? Early designs used
batteries. They store more energy per weight than activated carbon paste electrodes.' These electrodes
traditional capacitors, and they discharge the energy at a were made from a slurry of activated carbon powder and
higher power density than rechargeable batteries. The the electrolytic solution. These electrodes had to be held
cycle life of these devices exceeds that of any under high pressures to overcome contact resistance
rechargeable battery system because of the highly between carbon particles. The high pressure is
reversible nature of charge adsorbed in the double layer. acceptable for small electrodes, but, as the electrodes are
Charge/Discharge cycles of 300,000 times have been scaled to larger sizes, the packaging pressure increases
reported.1  dramatically. Because of the size of the capacitor being

developed for the electric vehicle application, this
An application for DLCs that has recently drawn approach is unacceptable. Maxwell has been developing

attention is the use of these devices to level the load of metal/carbon composite electrodes that reduce the
batteries in electric vehicles.2 This would reduce the peak packaging pressure and internal resistance. These
power requirements of the batteries and allow them to be improvements are accomplished by reducing the number
designed for higher energy density and longer cycle life. of carbon-carbon contacts that current must flow through
In the spring of 1992, Maxwell Laboratories was awarded to reach highly conductive metal directly connected to the
a multi-year development contract by the Department of current collector. Maxwell's main approach utilizes a
Energy (DOE) and EG&G Idaho to develop sintered carbon/metal electrode.
high-energy-density, high-power-density electrochemical
capacitors. The goal of this contract is to manufacture In addition to reducing the internal resistance in
devices that meet the DOE design specifications for a load the capacitor, the electrode must posses a high
leveling device in an electric vehicle. The performance capacitance. The capacitance is determined by the
criteria for this device are the delivery 5 Wh/kg with a characteristics of the carbon fiber. The surface area,
power rating of 600 W/kg. The capacitor must also have density, pore volume, and pore diameter of the fiber may
an overall charge/discharge efficiency of 90% and a useful all change the performance of the capacitor. Results may
life of over 100,000 discharge cycles. Maxwell's technical also vary widely depending on which electrolytic solution is
approach is to develop bipolar double layer capacitors used. Cost is also an important factor when selecting a
using high-surface-area carbon fiber electrodes. This fiber for a DLC. The fiber price increases dramatically as
bipolar capacitor stack will operate at 350 V and stores 1.8 the surface area per mass increases. It is important to
MJ of energy. determine which fiber provides the optimum performance

from a cost perspective. This paper summarizes a study
Early in this contract two design approaches were that was undertaken at Maxwell Laboratories to find an

adopted. The first uses an aqueous solution as the optimum carbon fiber for both the aqueous and organic
solvent for the electrolyte. Because of the high ionic electrolyte designs. Four carbon fibers of varying physical
conductivity of aqueous based solutions, capacitors characteristics were examined for performance when
employing these solutions tend to have low equivalent employed in a sinter-fused composite electrode. The
series resistances. However, the operating voltage of optimum fiber for both electrolytic solutions is identified. A
these solutions is typically below 1.0 volts, which limits the comparison between capacitors made with the organic and
amount of energy that can be stored in these devices, aqueous electrolytes is also made in relation to the
The second design uses an organic solvent to dissolve the program goals.
electrolytic salt. Capacitors made from these solutions can
operate at a higher cell voltage, and thus they can store
more energy. A lower ionic conductivity, however, Work supported by the U.S. Department of Energy, under
increases the equivalent series resistance. INEL EG&G Idaho, Subcontract #C91-103647.
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Experimental Methods application. In this test, a constant current
Ca~aCitor Fabrication chargeldischarge cycle at 50 mAicm2 was used to

measure the capacitance. This method counts only the
The carbon fibers examined in this study were charge that is available for rapid utilization. The test

tested in sinter-fused carbon/nickel composite electrodes. consisted of a constant current charge followed by a rest
This fabrication process has been described in detail period, then a constant current discharge. Both the charge
elsewhere." Briefly, electrodes were fabricated by first and discharge were conducted at 50 mA/cm2 . The rest
creating paper-like electrode precursors consisting of a period was one third of the charge time. The capacitance
mixture of carbon, nickel, and cellulose fibers. Presintered was calculated from the slope of the voltage response.
electrodes were cut from these paper sheets, pressed This test method is the more important of the two for
against nickel foil, and run through a two stage heating determining performance in the electric vehicle application.
process that sinter-fuses the nickel fibers to themselves For this application, only the charge that is available for
and to the nickel foil. This process greatly reduces the rapid, continuous cycling is important. The potential step
number of carbon-carbon contacts current must flow test does, however, provide important information about
through to reach a metal fiber that is connected directly to the total charge stored in the capacitor.
the current collector. Thus, the resistance of the device is
reduced. The carbon fibers used for this study were Results
approximately 9 pm in diameter and 3 mm in length. The
nickel fibers were 2 pm in diameter and 3 mm in length,

and the cellulose fibers were 8 pm in diameter and 5 mm Four types of activated carbon fiber with varying
in length. physical characteristics were used in this study. The

Capacitors made for this study consisted of two characteristics of the fibers are shown in Table 1. It can

sinter-fused composite electrodes of approximately 20 cmt be seen that as the surface area increases, the pore

surface area and 0.028 cm thickness. An ionic separator radius and pore volume dramatically increase. This

was placed between the two electrodes. The composite relationship suggests that the fiber density is dropping and

electrodes and cell separator were vacuum impregnated that some of the increase in surface area is due solely to

with the electrolytic solution. The assembled capacitor changes in fiber density arising from an increasing fiber

was then placed into a cell holder which sealed the device, porosity. From the pore volume data, the fiber density

Figure 1 shows a diagram of the capacitor and cell holder. and porosity can be calculated. The fiber porosity is
defined as:

Testina Methods
pore volume mV, Vfps

Once the capacitors were fabricated and assembled total fiber volume mV, + m(.) - V0o ÷, 1
in the cell holders, the equivalent series resistance and

capacitance were measured. The series resistance was
determined from the initial voltage drop during constant
current discharge. Determination of capacitance was not
as straightforward as that of the resistance, because the where:
charge delivered by a DLC can vary, depending on the m = mass of the fiber
rate of discharge. Often the voltage dropped more quickly V, = pore volume of the fiber
than expected during a rapid discharge; if the capacitor p, = density of solid carbon -assume to be 1.8gtcn 3

was allowed to stand after discharge the voltage recovered
to the expected level. To help quantify this effect two The fiber density (p,) is calculated from:
different techniques were used to measure the
capacitance. pf = L

The first technique was designed to measured the
total charge stored in the capacitor. This measurement Figure 2 shows how the fiber density decreases with
was accomplished with a potential step test. In this test, increasing surface area. Also shown is the surface area
the capacitor was charged to full voltage. Then it was on a volume basis. This surface area remains relatively
subsequently discharged through a 1.0 ohm resistor, with constant as the surface area increases on a mass basis.
a potential step from the initial voltage down to zero volts. Table 1
As the capacitor discharged into the resistor, the current
was measured and integrated to obtain the charge. The Physical Characteristics of Carbon Fibers
discharge was allowed to continue for ten minutes, and the
capacitor was then left at open circuit so the voltage could Fiber Surface Area Pore Radius Pore Volume
stabilize. After several hours, the final voltage was (m2/g) (A) (ml/g)
recorded. The voltage recovered was subtracted from the GF10 1,000 9 0.22
initial voltage; then the capacitance was calculated. GF1 5 1,500 12 0.5

The second method of measuring capacitance was GF20 2,000 16 0.75
designed to more closely represent the electric vehicle GF25 2,500 22 1.2
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Aoueous Electrolyte Results to be stacked in series to match the voltage of one organic
cell. Therefore, the equivalent series resistance should be

The results of the aqueous electrolyte tests are multiplied by three when comparing it to the organic
shown in Figure 3. The potential step test measured devices. The results of these tests show that the organic
consistently higher capacitance than the constant current electrolyte design is able to meet the DOE electric vehicle
test. This result is obtained because a fraction of the total goals; whereas, it does not appear likely that the aqueous
capacitance is not available for rapid discharge. The electrolyte will be able to meet these goals. The results of
higher surface area carbons had a higher capacitance. the investigation show clearly that the organic electrolyte
However, these performance gains are negated by the fact design provides superior performance over the aqueous
that the high surface area fibers have a lower fiber density. electrolyte design.
This relationship leads to thicker electrodes that require
more electrolytic solution. Given that the high surface area
carbon fibers cost many times more than the low surface References
area fibers, it will be more cost effective to use the low
surface area carbon with this design. 1. Burke, A. F. , "Laboratory Testing of High Energy

Organic Electrolyte Results Density Capacitors for Electric Vehicles,"
Proceedings of The International Seminar on

The organic electrolyte test results are shown in Double Layer Capacitors and Similar Energy
Figure 4. These results differ dramatically from the Storage Devices, Florida Educational Seminars,
aqueous electrolyte tests. First, there is not a large December, 1991.
difference in capacitance between the voltage step test 2. Burke, A F, Hardin, J. E., and Dowgiallo, E. J.,
and the constant current tests. This shows that a larger "Application of Ultracapacitors in Electric Vehicle
fraction of the charge is available for rapid discharge with Propulsion Systems," Proceedings of the 34th
this electrolyte. Figure 4 further shows that there is a Power Sources Symposium, Cherry Hill, N. J., June
dramatic increase in performance with increasing surface 25-28 1990,
area. The aqueous electrolyte capacitors did not show this 25-28 1990.
dependence. The reason for the large increase may be 3. Becker, H. I., U. S. Patent Number 2,800,616, "Low
due to a dependence on pore radius. The organic Voltage ElectrolyticCapacitor,"July 1957.
electrolyte may not be ab!e to enter a small pore. A
stronger dependence on pore radius would be expected, 4. Boos, D. L. and J. E. Metcalfe, U. S. Patent Number
because larger molecular weight salts are used to 3,634,736, "Electrolytic Capacitors Employing Paste
compensate for the poorer solvation power of the organic Electrodes," 1972.
solvents. Large electrolytic salts cannot enter small pores.
It can be concluded from these tests that the highest 5. Kohler D. , et. al., J. Electrochemical Society. , vol.

surface area carbons should be used with the organic 137, p. 136, 1990.

electrolyte design. 6. Kohler D. , et. al., J. Electrochemical SocietL. , vol.

Conclusions 137, p. 1750, 1990.

The ultimate goal of this research project is to meet 7. Smith, J. M., Chemical Engineering Kinetics, third

the design requirements of the DOE's electric vehicle edition, McGraw-Hill, p.334, 1981.

program. From the data gathered for this paper, a
comparison between the two studied electrolytic solutions
can be made, Figure 5 is a Rygone plot of the two
candidate designs for electric vehicle applications. It
should be noted that, while the aqueous electrolyte data
for this plot were taken from capacitors using the nickel
composite electrodes, the organic electrolyte capacitors Lead Wire
were not. The optimal high surface area carbon fibers Cell Holder
were still used; however, instead of a n,,;Kel sinter-fused Current Collector
electrode structure, these capacitors employed an intered Electrode
aluminum/carbon composite structure. For the organic Separator
electrolyte design, this approach has proven to be Sintered Electrode
superior. The aluminum structure is used because it can L Current Collector
be charged to a higher voltage than nickel electrodes. In - Lead Wire
the figure it is shown that the organic electrolyte design is
superior to the aqueous both in terms of energy and power
density. The higher energy density is expected for the Figure 1. Basic design of capacitors used to test carbon
organic devices because of the high operating voltage fibers.
(one volt for the aqueous versus three volts for the
organic). The higher power density for the organic is more
surprising because the organic electrolytic solution has a
low ionic conductivity. However, three aqueous cells need
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Figure 2. Fiber density decreases with increasing Figure 4. Organic Electrolyte Test Results -The step
gravimetric surface area. This makes tests show total fiber capacitance per dry mass
volumetric surface area remain constant. of carbon on an electrode basis. The tests at

50 mA/cm2 show the fraction of capacitance
available for rapid discharge.
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Figure 3. Aqueous Electrolyte Test Results - The step Figure 5. Rygone plot showing performance of Maxwell's

tests show total fiber capacitance per dry mass double layer capacitors in comparison to
of carbon on an electrode basis. The tests at 50 competing technologies. Maxwell's energy
mA/cm2 show the fraction of capacitance densities are based on unpackaged device

available for rapid discharge. weight (includes two composite electrodes, one
current collector, separator, and electrolyte).
Packaged devices are expected to weigh
15-25% more than unpackaged devices.
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An Overview of El.ectrocahemicl Capacitor
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Introduction
Electric Company3 in 1957 and offered

This paper provides a brief for sale commercially by SOHIO in the
overview of the status of late 1960's. The SOHIO patents were
electrochemical capacitors with an ultimately licensed to NEC in Japan.
emphasis on applications and market Electrochemical capacitors have been
potential. A major purpose of this marketed since the late 1970's by
presentation is to encourage further Japanese companies: NEC,
work in the field by demonstrating the Matsushita (Panasonic), ELNA/Asahi,
sizable opportunity available. The and Murata. There has been
information presented here is based comparatively little effort in the United
primarily on the recently published States, and that mostly R&D directed at
International Technology and Market special military and electric vehicle (EV)
Study.1  applications.

The Electrochemical Capacitor It has been only in the last five years
that exciting new research directions

The term Electrochemical and market opportunities have led to
Capacitor in this discussion rediscovery of the electrochemical
encompasses all devices usually capacitor internationally as a potentially
referred to as a double layer capacitor, valuable energy source for a variety of
supercapacitor, ultracapacitor, or important, high discharge rate uses.
pseudocapacitor. An electrochemical
capacitor stores energy through The electrochemical capacitor is
charging at a solid electrode liquid attractive because it can store several
interface [double layer capacitance hundred times as much energy on a
(DL)] and Faradaic reactions occurring weight and volume basis as a
at or near a solid surface conventional electrolytic capacitor,
[pseudocapacitance (PSC)J. Both types while retaining its ability to deliver that
of behavior can occur in a device and energy at high discharge rates. The
the capacitive effects are additive. The performance of the device can exceed
DL occurs most prominently in carbon that of a battery in those applications
electrode based systems, while PSC requiring high power density and
dominates in redox, intercalation, and discharge rates in the minutes to less
similar reactions. than seconds range. The

electrochemical capacitor can also be
The electrochemical capacitor is a used in combination with a battery to

relatively new device. Based on reduce peak power demands and
electrochemical principles discovered thereby extend battery life. It is the
by Helmholtz 2 in 1879, it was first latter use that has attracted much recent
patented by Becker of the General attention.
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Advantages and Limitations
Markets

Some of the most important
advantages of the device are: The present electrochemical
* Cycle life in excess of 100,000 cycles capacitor products are made almost
- High power density exclusively in Japan on high volume
• Discharge rates in the range of production equipment. They are used

minutes to milliseconds primarily for memory backup power in
- Safety - tolerates high rate consumer electronic equipment. The

charge/discharge and overcharge United States electrochemical capacitor
* Wide operating temperature range market represents a small fraction of the

total world use, but it is growing at a
Important limitations are: substantial rate.

* Low energy density relative to a
battery A serious impediment to US

- Maximum cell voltages of 5 V with market development is the general
non-aqueous electrolytes unfamiliarity of design engineers and

- Reliability of series stacked high component manufacturers with the
voltage capacitors nature and performance of the device.

* High cost of some potentially useful Successful use of the electrochemical
materials capacitor in commercial, military, or

other applications requires an intimate
Key Issues knowledge of both the properties and

performance capability. Further rapid
There are several key issues market growth is anticipated as the

which will determine the future of the engineers become more familiar with
electrochemical capacitor as a the device.
significant energy storage device.

The development of higher power,
Technology greater energy density, more rapid

discharge rate electrochemical
The goal of present capacitors has opened a wide range of

electrochemical capacitor research is to possible markets. The following are
obtain cost effective devices with useful among the new and expanded potential
high energy and power densities. The applications for the electrochemical
original technology, which employed capacitor:
carbon electrodes in aqueous
solutions, has been broadened to - Hybrid and electric vehicles
encompass other interesting materials • Auto subsystems
such as higher surface area carbons, • Medical
mixed metal oxides and doped - Actuators
conducting polymer electrodes. These - Power backup
materials in combination with non • Military
aqueous electrolytes provide the
possibility of higher energy storage The hybrid and electric vehicle
devices. application, in which the

electrochemical capacitor is used to
Energy and power densities of 5 load level the battery, will be substantial

wh/kg and 500 wlkg respectively are if present plans to institute reduced
said to have been achieved in the vehicle emission requirements are
laboratory and even greater values are enforced in California and elsewhere. It
projected for the future. is this application which has principally
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spurred the recent interest in the The Japanese have a broader
electrochemical capacitor. view, recognizing the potential for small

reliable high power sources in a
The EV and hybrid EV growing world of portable products, as

applications have tended to mask the well as the EV market. The Japanese
possibilities of the other market areas also have the advantage of a long-
shown above. These additional standing history in the field and the
markets can conceivably match or even commitment of major industrial groups.
exceed the demand for EV use. It has
been estimated that an addressable More than 1150 relevant patents
market volume of approximately $1.35 have been issued in the
billion is possible by the year 2000. electrochemical capacitor field since

1942. Of all issued patents, 78.8% are
Satisfying the performance from Japan, compared to a much

demands of these markets will not be smaller fraction from the United States.
easy. The requirements are difficult. Recent novel technical approaches by
There are competitive devices. The US and European groups provide
cost will have to be economically indications of a strong competitive
feasible. market environment in the future.

The outlook is optimistic, but it will Conclusion
take the combination of improved
technology, reasonable cost and The technology and market
intensive marketing to fullfill these outlooks for the electrochemical
expectations. capacitor are optimistic.

Electrochemical capacitor research is
Competitive Environment still in its infancy. Broader US industry

and government support is necessary
It is too early to tell which to accelerate research and

companies will dominate the future development of these devices. The
electrochemical capacitor markets. The competition will likely increase as the
competitors will require the technical, reality of the opportunity is more widely
marketing and financial resources to recognized. The device stands an
pursue these important, new excellent chance of becoming a key
applications. European and US efforts energy storage device of the future.
are focused on the EV application. The
US programs are being supported References
primarily by the Department of Energy
as part of their EV development 1 Wolsky, S.P. and Wissoker, R.S. The
program. There are other confidential International Technology and Market Study of
activities in progress at several Electrochemical Caaitors. Rorida Educational
important companies which could Seminars, Inc., Boca Raton, FL. (1994)
significantly impact the competitive 2 Helmholtz, H. von, Ann. Physik Vol. 3; pp.
picture. 337 (1879)

3 General Electric Company (Becker), US Patent
2,800,616 "Low voltage electrolytic capacitor."
Issued 7/23/57
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Abstract The only D-size cells in stock were
manufactured in 1992. For comparative

The Canadian armed forces use large purposes, a quantity of commercially
quantities of alkaline cells, often in cold available, "mercury-free" D cells was
field conditions. In recent years the purchased locally: DON - June 1992.
manufacturers of alkaline cells have been
gradually lowering the mercury content of In all, six groups of cells were
these cells, primarily because of the available for the study:
environmental hazards of mercury. The present
study was undertaken because of the concern 1. AA size - DON 01/92 - military stock
that the removal of mercury might adversely 2. AA " - DON 03/89 - military stock
affect performance, especially in the cold,
and also diminish the resistance to mechanical 3. C size - DON 01/92 - military stock
shock and vibration, and shelf life. This 4. C " - DOM 05/89 - military stock
investigation of some of the performance
characteristics of alkaline cells was 5. D size - DOM 02/92 - military stock
conducted in comparison with older cells which 6. D - DOM 06/92 - commercial
contained higher levels of mercury. It was
found that the room temperature performance of It was verified that all cells in the test
alkaline cells was excellent. However, program were produced by the same
between 5"C and -20"C, low-mercury cells manufacturer. The following measurements were
manufactured since 1992 had performance that made on the cells in each group: open circuit
was inferior to the older cells. voltage, resistance (ac value at 1 kHz) and

mass.
Introduction

Undischarged cells from each group were
The zinc/potassium hydroxide/manganese dissected and samples of the zinc anode were

dioxide cell, commonly referred to as the removed, weighed and dissolved in concentrated
alkaline cell, became a widely available HC1/HNO3. The concentration of mercury in each
consumer product during the 1970's. It is of these solutions was then determined using
estimated that worldwide annual use is more inductively-coupled argon plasma atomic
than five billion cells.0') Historically, absorption spectrophotometry. The dry mass of
mercury has been an important additive in the the anode sample was used to calculate the
manufacture of these cells, being amalgamated mercury content as a percent by weight.
at up to 8% by weight with the zinc anode.
The use of mercury resulted in less zinc In a typical alkaline cell application,
corrosion and extended shelf life compared to such as operating a flashlight, the rate of
the zinc/carbon Leclanche cell.(2.3) There was discharge is approximately 250 milliamperes,
also enhanced interparticulate contact in the corresponding to a load of about 5 ohms. Thus
zinc powder, producing better electrode the majority of cells from each group was
conductivity(415) and improved resistance to resistively discharged at this load. Some
mechanical shock and vibration, additional experiments were conducted using lfl

and lOft loads. Cell capacity was determined
In recent years, primarily in response to to the industry standard end of test voltage:

environmental pressure, manufacturers have 0.8 volts, although in many cases discharging
been reducing the amount of mercury contained was continued to below 0.1 volts.
in alkaline cells,( 6,7) some of which are now
advertised as being "environmentally-friendly" For each experiment, cells were
and containing less than 0.001% Hg. Consumers equilibrated prior to discharging for a
have been assured that the mercury removal minimum of four hours in an environmental test
program has not caused any loss in cell chamber at the desired temperature, between
performance. Notwithstanding these claims, it -40"C and 60"C. A 12 W resistor was then
was decided to conduct an objective assessment connected across each cell. The voltage drop
of the effects of moving to low-mercury across the load was measured every two minutes
alkaline cells. throughout the discharge period using a PC-

controlled data acquisition unit. The
Experimental Program capacity was determined by integrating the

computed current over the elapsed time using
In February 1993 it was learned that a Simpson's rule.

large military stock of AA-size and C-size
cells had been declared "time-expired" and was Results and Discussion
slated for disposal. The military supply
system considers alkaline cells to be "time- There were only minor differences between
expired" when they have been stored for 30 the open circuit voltages of cells of each
months from their date of manufacture (DOM). size group and no significant differences in
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weights. The two groups of D-size cells had 1.9 Ah). These results were unexpected, thus
very similar impedance values. However, the prompting a more detailed evaluation of low
impedance of the AA- and C-sized cells that temperature performance.
were manufactured in 1989 was significantly
lower than those manufactured in 1992. The Numerous discharge experiments at 1n, 5n
mercury content of the anode in the 1989 cells and 10n were conducted to compare the
was found to be about 0.8% and that of the performance of the two groups of C cells over
1992 cells was approximately an order of a range of temperatures between -40"C and
magnitude lower. During a subsequent 60"C. The capacity results for these
conversation with the manufacturer, it was experiments are given in Table II (5n only)
learned that all alkaline cells made by this and in Figure 3 in slightly different
company since 1990 were "ultra-low mercury", representations. The data were averaged over
(i.e. less than 0.025% mercury). S) Our at least five replicate cell discharge
analyses indicated that the mercury content experiments at each temperature. Above 51C,
stated by manufacturers must be relative to the capacity, as represented by the time to
the total cell mass rather than the mass of reach 0.8 volts, of the 1992 cells was about
the zinc anode. These results are summarized 10% more than that of the 1989 cells, but
in Table I. between 5"C and -20"C the capacity of the 1989

cells was significantly greater (in some cases
TABLE I more than 100%) than that of the 1992 cells

(e.g. see Table II). Table II also indicates
MERCURY CONTENT OF ANODES AND that there was a substantial increase in

MEAN IMPEDANCE MEASUREMENTS standard deviations for the data between 5"C
and -5"C and at 45"C, most notably for the

Group Cell DOM Mercury Mean 1992 cells.
Size Content Impedance

(%w/w anode) (mohms) TABLE II

1 AA 01/92 0.10 165 ± 7.4* MEAN CAPACITY OF C CELLS
2 AA 03/89 0.74 89 ± 5.1 DISCHARGED THROUGH 5 OHM LOAD
3 C 01/92 0.07 131 ± 11.9
4 C 05/89 0.82 79 ± 6.5
5 D 02/92 0.08 96 ± 15.1 Temperature Time to 0.8 v (hours)
6 D 06/92 0.07 98 ± 19.0 (*C)

1989 1992

* standard deviation 60 32.0 ± 0.5* 35.1 ± 0.3*
45 28.7 ± 1.1 32.6 ± 1.1

Since one of the effects of amalgamating 30 28.5 ± 0.3 30.5 ± 0.2
mercury with the zinc anode is to increase the 20 25.6 ± 0.3 28.5 ± 0.1
conductivity of the electrode, the impedance 10 23.6 ± 0.3 25.9 ± 0.5
data confirmed that 1992 cells contained less 5 22.2 ± 0.2 23.9 ± 0.8
mercury than the 1989 cells. The impedance 0 19.7 ± 0.4 12.6 ± 4.4
data also suggested that the mercury content - 5 16.0 ± 0.9 7.1 ± 1.6
of the military D cells was similar to that of -10 11.2 ± 0.1 5.5 ± 0.1
commercial "low-mercury" cells. -15 7.8 ± 0.1 4.5 ± 0.1

-20 5.2 ± 0.1 4.2 ± 0.1
Typical results for the discharge of -30 2.3 ± 0.0 2.4 ± 0.1

alkaline C cells at 25°C are given in -40 1.0 ± 0.0 0.4 ± 0.0
Figure 1. In this experiment, two 1989 cells
and three 1992 cells were discharged
simultaneously. During the first several * standard deviation
minutes after the load was applied, voltages
dropped quickly from about 1.5 volts to 1.3 The difference in the capacity for higher
volts. After this initial period, the voltage versus lower mercury-content cells was plotted
curve sloped gradually, taking between 25 and in Figure 3 against the test temperature for
30 hours to fall to 0.8 volts. It then C-size cells that were discharged at 1n, 5n
quickly decreased to a minimum value of about and 10n. It shows that the cells with
0.1 volts. At temperatures above 10"C, the higher mercury content performed better
newer cells outperformed the older cells by overall, but there was a rate dependence for
about two to fours hours. This was expected the magnitude of the difference which varied
on the basis of the reported 3% to 4% annual with the temperature. At the ill rate the
loss of capacity for storage of alkaline cells older, higher mercury-content cells were
at 20-C.(5,1 It was also noted that the better at all temperatures, but excelled in
voltage of the 1989 cells was marginally the 10"C-30°C range.
higher than the 1992 cells during the first 15
hours of the experiment. Similar comments A comparison of the performance of AA
pertain to the groups of AA-size cells, cells manufactured in 1989 and in 1992

indicated a similar, but less pronounced
The typical discharge curves obtained for discrepancy at temperatures between 0"C and

a similar experiment which was conducted at -30"C.
0°C are shown in Figure 2. In this experiment
the output of the 1989 cells remained above For the D-size cells discharged on a 5
0.8 volts for about twice as long as for the ohm load, the only significant difference
1992 cells (19.5 h vs 9.2 h) and on average between the capacity of the two groups of
their capacity was twice as great (3.8 Ah vs cells occurred at -5"C. This anomaly is
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illustrated in Figure 4 which shows the very
dissimilar discharge curves for commercial and
military cells. At this temperature, the Acknowledgements
difference in time to reach 0.8 volts was
almost 60% while at all other temperatures The authors would like to acknowledge the
this difference was always less than 7%. The continued support of the Directorate of
discrepancy at -5"C was verified as Research and Development Air, Canadian Armed
significant by repeating the experiment on 10 Forces and the Electrochemical Science and
additional cells from each group. There was Technology Centre, University of Ottawa.
only a small difference in the mercury content
of the anodes for these two groups of cells References
(see Table I) and the impedance values were
also indistinguishable. This suggests that 1. K. Kordesch, Ch. Faistauer and J. Daniel
only a small change in the mercury content of Ivad, 8th International Battery Symposium,
the zinc electrode can have a profound effect Brussels, May 9-13, 1993.
on performance at certain temperatures. Why
this should occur at temperatures near to or 2. C. Huang, et al, "A new type of
just below 0"C is unknown and may warrant nonpoisonous addition agent for substituting
further study. Except for -5"C, there would mercury in zinc/manganese dry cells", J. Power
appear to be no significance performance Sources, 45 (1993) 169-175.
differences between cells produced for the
military and those for the consumer market. 3. K.V. Kordesch, "Alkaline manganese dioxide

cells", in "Handbook of Batteries & Fuel
At temperatures below approximately 0"C Cells", (D. Linden, ed.), McGraw-Hill, 1984.

there were notable irregularities in the
discharge curves for all of the low-mercury 4. J.Y. Huot, "Resistivity and anodic
alkaline cells. Figure 4 shows this behaviour discharge of mercury-free gelled zinc anodes",
for D cells from both groups as indicated, and Power Sources 14 (1993) (A. Attewell and T.
Figure 5 for C-size cells discharged in this Keily, eds.).
case at 0"C. What was typical of the low
mercury cells of all sizes, as shown by the 5. K.V. Kordesch, "Alkaline manganese dioxide
examples in Figures 4 and 5, was the zinc batteries", in "Batteries, Vol 1", K.V.
instability of the voltage below approximately Kordesch (ed.), Marcel Dekker, Inc., New
0.8 volts and the tendency for the cell York, 1974.
voltage to increase ifter several hours of
discharging below 0.4 volts. The voltage 6. D. Spahrbier, "Mercury reduction programme
fluctuations may be caused by a loss of for primary batteries", Chemistry & Industry,
electrical continuity in the anode. None of July 1990.
the 1989-dated cells exhibited these features.

7. M. Meeus, et al, "New Developments in
The effects of low-mercury on the shelf Reduction of Mercury Content in Zinc Powder

life and resistance to mechanical shock and for Alkaline Dry Batteries", Power Sources
vibration are currently being studied and will 11 (1986), (L. J. Pearce, ed.).
be the subject of a future publication.

8. Private communication; manufacturer's
Conclusions representative and author (RWN), 30 Sept 1993.

At temperatures above 5*C the performance 9. Manufacturer's Battery Engineering Data,
of each of the three sizes of alkaline cells published 1992.
used by the Canadian military was found to be
excellent, often exceeding the manufacturer's
performance claims. However, between 5'C and
-20'C, AA-size and C-size cells that were
procured since 1992 had performance character-
istics which were inferior to those of older
cells. The older cells contained more mercury
in the zinc anode and despite the marginal
loss of capacity over three years of storage,
still produced more energy at lower temper-
atures than the newer, low mercury cells. The
lower mercury content of 1992 cells compared
to 1989 cells was confirmed by chemical
analysis of the anode. Lower mercury cells
also had higher impedance values.

The performance of the military stock of
D cells and commercial D cells with comparable
DOM was only different at -5"C. The slight
differences in composition of the zinc/mercury
anode may have been responsible.
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THE COPPER / MAGNESIUM SEAWATER CELL FOR
NEAR SURFACE OPERATION.

01usd. Hw'oli* ed Reidar Qwenbakken~

*Norwe n Deee Researh abihmmet, DiOisW= for
Wespos and Materel, PO. Box 25 N-2007 jer, Norway

**Norwega Coast Dirtorate, o. Box 8158, De 0O33 Osio,
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AM= cathode deterioration caused by fouling by marine organisms and
formation of calcareous layers on the cathode surface have

The paper describes a power source recently adapted by the precluded the realisation of a commercially viable power source
Norwegian lighthouse authorities for application in light buoys. The based on this concept. The cathode reaction
power source is based on an electrochemical cell which uses
magnesium as fuel, seawater as electrolyte and oxygen dissolved in 02 + 2 H2 0 + 4 e- = 4 OH"
the seawater as oxidant. Under load, the magnesium anode
dissolves, but as sea water contains typically 1.2 kg of magnesium leads to an alkalisation of the cathode surface. This pH increase may
per ton, the cell reaction does not affect the environment. The lead to precipitation of calcium carbonate on the cathode surface 7 :
cathode is a copper structure with a high surface area. The cathode
surface is protected against biofouling by cuprous ions, generated Ca++ + HCO3 " + OH- = CaCO3 + H20
from copper corrosion.

The development of methods to reduce this problem were

The complete power supply consists of a single seawater necessary steps toward the development of a commercial seawater

cell, a DCIDC converter and an accumulator. The cell power is battery-
limited by the rate of water exchange in the cathode. Typical
performance is 2 W average from a cell 1 m high with a diameter of In 1989 the Norwegian Coast Directorate established a
50 cm. Cell deterioration is caused by biofouling and deposition of Project group to adapt the seawater battery technology to light
calcareous layers on the copper cathode, copper corrosion and by buoys and at the Xllth International Association of Lighthouse
anode depletion. After cleaning, the cathode surface is as new. Authorities Conference, we described a prototype installation of a
Anode capacity is sufficient for 5 years, thus the required light buoy powered by a seawater cell 5. These cells are based on a

maintenance on the cell can be done in conjunction with the periodic centrally mounted anode with a concentric cathode made from
maintenance of the light buoy. After 5 years, the cell is exchanged copper. Later, improved cells developed at NDRE have been used
or recharged with a new magnesium anode depending on the as power sources for underwater surveillance systems, surface

condition of the cell. buoys and for the propulsion of a small unmanned underwater
vehicle (UUV), 6. The power source for the UUV is dependent on a
forced flow of seawater for the transport processes in the cellOff shore navigational light buoys with different sea water weestelwrt el eedo aua ovcin (e

cell design have been used by the Norwegian Coast Directorate current, waves)7 .

since 1989. The results show that the system is safe, reliable, easy

to maintain and with a potential for very low cost. Ano

Itodusto Magnesium anodes have lower cost and give higher cell
voltage than aluminium anodes. Corrosion reduces the specific

Primary cells based on metal anodes (e.g. alloys of capacity from the theoretical value of 2000 Ah/kg to roughly

magnesiuw' or aluminium) which use seawater as the electrolyte and 1200 Ah/kg depending of alloy and anodic current density. Typical
oxygen dissolved in the seawater as the oxidant with inert cathodes potential under load for the magnesium aluminium zinc alloy AZ63

have been known for some time 1,2,3,4. Such cells need a is -1.49 VSCE. The anode shows very little polarisation over the
continuous renewal of the seawater to supply the cathode with current density range of interest, but voltage delay is observed.

fresh seawater and to remove the products of the cell reaction(s).
Because of this they "nust have an open structure, causing leakage In light buoys, cylindrical AZ63 anodes with a diameter of
currents between serianiy connected cells to be high. This is why 190 mm and a length of 1000 mm have been used. Initial anode
power sources for low rate discharge are based on a single cell or weight is 50 kg. Assuming discharge to 50% reduction in anode
cells connected in parallel. A DC/DC-converter converts the low diameter, the corresponding capacity is 50000 Ah.

cell voltage (0.4 to 2 V depending on the particular cell system) into
a regulated voltage (e.g. 14 V). A secondary battery may be
charged from the DC/DC-converter. Compared to conventional The DCIDC-€onverter
power sources, such seawater cells gives a very high theoretical
energy density, as only the anode material is consumable. They have Most converters use MOS-FET transistors. Their
a potential for moderate cost, excellent safety and infinite storage exceptionally low on-resistance makes it possible to achieve a high
ability when dry. Until recently however, low power density and efficiency, typically above 75%, but they need a gate voltage higher
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than the cell voltage to be turned on. Thus they need an auxiliary The cell was equipped with a new anode and a new cable and re-
power source for start-up. This may be a secondary battery or deployed on March 22, 1990. At the time of redeployment, the
another converter. Systems with auxiliary converters have excellent cathode surface was green from exposure to air and felt very
storage ability in contrast to systems based on auxiliary power ftom ."coarse". This had obviously decreased the cell performance as the
accumulators. load had to be reduced from 3 W to 2 W. Gradually then, the

performance decreased further.
Galvanic separation between input and output is preferred as

a short between the steel structure of the light buoy and the cell From the spring of 1989, seawater batteries with plate
connections will lead to a malfunction of the power source and in cathodes have powered two light buoys, one at Rakke and one at
the case of a short to the positive terminal, to corrosion of the fight Ytre Hausene at the southern coast of Norway 5. Inspections in
buoy. The 300 W converter for the UUV has galvanic separation the autumn 1990 have shown that biofouling of the cathode had not
between input and output and a 2 W converter for light buoys with occurred after two growth seasons whereas the buoy itself was
galvanic separation is under development. All experiments with light covered by biofouling. Biofouling (mainly mussels) on the
buoys have been undertaken with converters without galvanic supporting cell structure and on the buoy was removed with a high
separation, pressure power cleaner and the buoy redeployed. The experiment at

Rakke was terminated because the converter was flooded by
The safe load on a seawater cell with respect to calcareous seawater.

film formations depend on the temperature and the rate of exchange
of the water at the cathode surface. This rate of exchange varies Table 1 summarises the experience with seawater cells with
with the design of the cell, the sea current and the wave action on copper cathodes. The oldest seawater cells used on Flakk (in the
the buoy. Generally speaking: the worse the weather, the better the Trondheims fjord), Rakke and Ytre Hausene had cathodes made
cell. At the same time, the converter must sense the status of the from copper plates arranged radially around the central anode 5 .
accumulator to avoid overcharging and waste of energy. In The newer cells have cathodes made from a sheet of expanded
converters for light buoys, these functions are built in. The size of copper coiled in a spiral and subsequently locked in shape with glass
the secondary battery should at least be sufficient to take care of the reinforced polyurethane resin in the top and bottom9 as shown
longest possible continuous calm period and the converter should schematically in figure 1.
have sufficient excess power for the recharge of the accumulator
under normal conditions. This is similar to the considerations that
must be taken with solar power sources.

Because of this dependence on the hydrodynamic
conditions, this power source is unsuitable for use in areas with
exceptionally calm conditions.

Seawater cells with inert cathodes are intended for deep sea
use where light induced growth of algae is absent or for short time
discharge. They can give a cell voltage of 1.6 V under load, but
close to the surface, as in light buoys, biofouling may reduce the life
of such cells to a few weeks in the growth season. This made it
necessary to develop cathodes which releases a substance into the Figure I Schematic of a seawater cell with the anode in
seawater that is toxic to marine life. The cell used in light buoys is centre and a spirally wound expanded metal
based on cathodes of copper or copper alloys which corrode at a
controlled rate, thereby releasing copper ions into the seawater. cathode.

Copper is toxic to marine life and copper compounds are used in the
bottom paints for boats ("Anti fouling") for the same reason. The cells Horten 1 and 2 (on the south east coast) and

Runde (on the west coast) were experimental buoys which were not

The first cell with copper cathodes operated at a depth of used for navigation. Their main purpose was to establish the

60 m from November 19, 1987 until March 13, 1990 at which te maximum safe load for seawater cells. In light buoys, the cell is

80% of available anode capacity (60000 Ah) was used. Except for a open in the bottom and closed at the top. In this way, wave action

decrease in cell voltage from 1.1 to 0.9 V caused by the reduction leads to an active pumping of the seawater through the expanded

in anode diameter with time (increased IR loss) and some areas with metal cathode 10. Figure 2 shows a tail tube buoy with a seawater

a calcareous deposit, the reduction in performance with time was cell. The buoy has a diameter of 2.0 m and is 9.5 m high. The tail

small. Biofouling was not observed at the cathode, but strength tube is 0.5 m in diameter, and the seawater cell is located in a steel

members and moorings were covered with nematodes, tube worms cage in the lower part of the tube. The cell voltage under load was

and sea anemones. After retrieval, the cell was cleaned with a high between 0.9 and 1.1 V for all cells. Typical load for a navigational

pressure power cleaner, but this was unable to remove calcareous fight was 1.5 W in the dark. In addition to this load, between 0.1

deposits. Copper corrosion was less than 0.05 mm over 2.5 years. to 1.5 W must be added, depending on the no load current drain of

Copper corrosion under open circuit is estimated to roughly the converter and the state of charge and self-discharge rate of the
0C08 nper yarrs 8. Under load, the copper structure has some accumulator. In the navigational fights, and in some test buoys,
0.08 mam per year otetion, the rateer fstr rrure on leso . sealed lead acid batteries (Sonnenschein A200/12V/9.5 Ah) were
degree of cathodic protection, making the rate of corrosion less, used together with a LBEA-85 lantern.
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over the first five days until the accumulator was recharged. The
lantern load was FI 2, 10s, 10W bulb, 14% on. The light
extinguished on Nov 12, 1992. This was caused by one shorted cell
in the accumulator. Because of the cell short, the converter ran
continuously and biofouling started. The biofouling and the build-
up of a calcareous layer subsequently lead to cell failure. No
cleaning of the cell was done between its fabrication in the autumn
of 1990 and its retrieval in November 1992. Then, the defective

buoy was cleaned and the calcareous layer on the cathode removed
by wet sand blasting from the outside, leaving the calcareous
deposit on the inside intact. Equipped with a new accumulator and a
5 W bulb, the buoy was functional until a seawater leak destroyed
the electronics. At this time, no sign of new calcareous deposit was
observed.

SRunde. 2214-VM1

ISO

5.0 15.0 25.0 35.0 45.0

ag

5.0 15.0 25.0 35.0 45.0

S.O 16.0 25.0 Timeldays 35.0 4,.0

Figure 3 Power source at Rundefrom April 22, 1991. Upper
curve: seawater cell voltage, lower curve: lead acid
battery.

Figure 2 Schematic of a tail tube navigational light buoy with
the seawater cell located above the balance weight.

Table 1. Summary_ of the exr~eriments with seawater cells:
The use of oxygen dissolved in the seawater makes it

possible to make batteries with very high energy density. Compared

Seawater Start of Duration/ Load: Terminated to air, the rate of diffusion and the concentration of oxygen in
cell: discharge days because of seawater is low and makes the power density of such batteries low

Flakk 19.Nov.87 847 2.5- 3 W Anode depletion compared to conventional and metal/air batteries, Whereas the
Flakk, coninued 22.Mar.90 420 2 W Calcareous film energy content of the cell is determined by the cell voltage and
Rakke L B 20.Jun.89 960 Nay Light Seawater leak amount of magnesium, the rate by which this energy can be
Ytre H L B 05.Sep.89 449 Nay Light Cleaned at Sea extracted from the cell is mainly determined by the rate of seawater
Ytre H L B 28.Nov.90 666 Nay Light OK, taken to Base exchange in the cathode, the cathode materials and structure.
Hortenl 27.Sep.89 342 Nay Light Anode depletion*
Hortem2 03.Nov.89 , 503 2.5 W Calcareous film For cells with copper cathodes, cell life is restricted by the
Runde 06.Dec.90 634 Nay Light Failure of lead acid corrosion of copper or by the consumption of magnesium if the
Runde, cleaned 15Dec.92 212 Nay Light Seawater leak cathode current density is kept sufficiently low. For cells with a
Kroppen L B 9.Oct.93 in service Nay Light medium current density, a gradual deterioration takes place as parts
Fauskane L B I I.Oct.93 in service Nay Light of the copper surface become insulated by calcium carbonate. As

the free surface area decreases, the local current density increases
*Hollow anode further, thereby increasing the rate of calcium carbonate deposition

and decreasing the rate of copper corrosion to a value insufficient to
Figure 3 shows the cell voltage and the accumulator voltage avoid biofouling. If this happens, the buoy must be taken up for

after the buoy was deployed at Runde on April 22, 1991 after an cleaning. Conservative data for safe load in open sea for a cell with
adjustment of the converter. The accumulator was discharged at the an optimal structure have been established. These data predict a cell
start, thus the converter was continuously running at full power life in excess of 4 years in a light buoy.

36



The last two cells, Kroppen and Fauskane, power Referene
navigational lights in a very exposed area on the west coast of
Norway. Compared to the experimental cells at Runde and Horten,
the cathode current density has been decreased by a factor of 2, [1] Lidorjenko N S, V A Naumjenko, AT Kopjov, L P Esajan
ensuring a safe margin with respect to calcareous film formation and and D V Kurygitsa (1976): Russian Patent SU-5509307
biofouling. [2] Walsh M (1990): "Single cell seawater batteries".

The cell can be restored to the "as new" condition if the Proceedings of the 34th International Power Sources

scale on the cathode is removed. This may be done mechanically Symposium, Cherry Hill. New Jersey. pp 110-111

(wet sand blasting) or chemically with an acid etch. Calcium [3] Lauer J S, Jackovitz J F and Buzzelli E S (1990): "Seawater
carbonate is easily dissolved, thus weak acids such as 1%
hydrochloric acid is suitable. Both processes are routine and Activated Power Source for long Term Missions". Ibid pp

blasting may be done at sea. The life of the anode is between 3 and 115-117

5 years after which the cell may be refitted with a new anode, [4] Hasvold 0 (1990): "Seawater batteries for low power, long
making this power source well suited for low cost, low power term applications". [bid pp 50-52
applications of long duration. [5] Kjennbakken R and N Storkersen (1990): "Sea Water

Future production of cells and converters will be made by Primary Battery". XIIth Conference of the International

Simrad Subsea A/S, Norway. Association of Lighthouse Authorities (IALA). Holland,

[6] Hasvold 0 (1993): "A Magnesium - Seawater Power Source
for autonomous underwater vehicles". Power Sources 14
(Ed. A Attewell and T Keily), pp 244 - 255
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INVESTIGATIONS ON COPPER OXIDE AS DEPOLARIZER IN ALUMINIUM
PRIMARY BATTERY

GOPI KUMAR. A.8IVASNAWGAMf, U. IUMIVAMDI and S.UAUKARMU
Central flectrochemicat Research Institute (CSIR),

Karaikudi - 623 666, TamitNadu. India

introuction to 3% carboxymethyl cellulose) uniformly
over a metallic current collector (copper

Aluminium (Alt, a battery negative. wash) and pressed at an optimised load of
with its acclaimed merits like low 6 tonnes. The anodes of 3 cm 1 2 Om size

equivalent weight, easy availability, low were the out pieces from 2S grade
cost, easy machining, environmentalty aluminium sheetstf.4% Fe, 6.35 St, 6.15 fig
stable& etc.,has undergone very few and 0.15 Mn) of 1.5 ms thickness. AI/CuO
attemptsP4for developing aqueous primary cells were assembled in a plastic
reserve batteries in conjunction with container by placing a cathode between two
different inorganic positives. anodes and were separated by multilayers

of cellophane.
Aluminium sea-water reserve batteries The cells were activated using f 26

were reported by several authors utilizing al of the test electrolyte like KOM or
either oxygen reducing or hydrogen HaOH at varying concentrations (9.5, 1, 2
evolving cathodes and are found to be well and 3 M) and discharged at 25 mA current
suited for a variety of oceanographic drain at room temperature (36 ±.i

0 C). All
applications't ofcourse, at very ia w experiments were repeated for concordancy
current densities (6.160 to 16 mA cm I and were reproducible within !2%.
and voltages (1.4 to 0.5V). At/fInO2
reserve batteriesa are used for low power, Optisization 2f Am
long duration undersea trasponders. Very Conducting materials like acetylene
recently, Licht et.al.

4 
have demonstrated black, graphite etc are blended with

a novel aqueous Al/Sulphur activated inorganic dopolarizersa in order to
battery 7 for possible use in electric enhance their conductivity and for

vehicles wherein they have realisod an achieving large surface area electrodes.
energy density of 119 Vh/kg and compared In the present study, AS was added in
favourably with conventional batteries various proportions (up to 765) with IS of
like lead-acid (35 Vh/kg), Zn/linO2  (95 CuO and 1 cc of binder. Cathodes were
Yh/kg) etc. prepared using the above mix and pressed

at an optimum load of 6 tonnes. The cells
Hence, it is evident from the above were assembled as described earlier and

studies that aluminium based reserve were discharged at constant current drains
batteries are useful In civilian as well of 25 mA correspondint to a current
as military applications. However, only a density of 2.1. mA cam- in 0.5 M KOH
few inorganic depolarizers (In0 2 ,9S and electrolyte.
ASO) have been investigated inspite of the
fact that they are associated with limited EsbILf Study
capacity output (6.17 to 6.43 Ahig). We A number of At/CuO cells were
were, therefore, interested to conduct a assembled and discharged at various
comprehensive examination on the higher current drains (25, S5 and M66 mA)
capacity cupric oxide (CuO) Cie., 6.67 corresponding to cur ant densities of 2.1,
Ah/gI as a possible depolarizer for 4.3 and 8.6 mA cm' respectively after
aluminium reserve battery, which is initial optimization of AS content and
hitherto not reported. The basic reaction electrolyte concentration.
involved is t

Linear Sweepx V.ltamamua (LSV) Studies
2AI * 3CuO + 3 H2 0 

--- ) 2AI(OH) 3  + 3Cu 6.17 g of CuO was mixed with 495 AD

and very small amounts of binder. The mix
In the present paper, we report the was spread on both sides of a copper mesh

performance of CuO in aluminium reserve current collector of I cm I 1 cm size and
batteries at different current drains and pressed at an optimized pressure. LSV
with sodium hydroxide (NaOH) and potassium experiments were performed using a three
hydroxide (KOH) electrolytes, electrode system consisting of CuO

cathodes as working, platinum as counter
%zoarimntal and AS/AgCl as reference electrodes in 1 Ii

N:aH solution using a Wenking potentiostat
Chemicals CuO MLoba ChomieAR), KOH and MLS 75, Germany) attached to a scan
NMaOH (Fischer, AR) and acetylene black generator (YSG 72, Germany) and a I -Y
(AU) were used as such without further recorder (Rekidemt, Japan).
purification.

Qo1t Fabrication An Optimization 2LD

Electrotyto Composition Fig I presents the discharge curves
Cathodes of 3 amn 2 cm area were obtained from At/CuO cells using cathodes

prepared by spreading the cathode mix containing AB from 26 to 665 by weight of
containing depolarizer (Ig CuO),conducting CuO in 6.5 M KOH at a constant current
material (9.Ag AS) and aqueous binder ( 2 drain of 25 mA. It is evident from the
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Optimization of AD (9.5 M KOH, 25 mA FiTI3.Discharge curve of Al/CuO cells in

current drain) various concentration of NaOH (40% AS, 25
mA current drain)

curves that the capacity of the cells were
enhanced upto 49% AS content and 1.2 V. However, at higher current drainsthereafter not much significant >59 mA) a sloping discharge curve isimprovement is observed. Moreover, the obtained with a steep fall in the capacityopen circuit voltage (OCY) of the cells of the cells. Moreover, the internalremains constant (1.51 to 1.55 V) with resistance of the cells employing a N&OHvarying AB composition. Interestingly, the electrolyte was found to be lesser (W 2.3
constant OCV of the Al/CuO cells at ohms)than KOH electrolyte. These largevarying AB content Is In agreement with, internal resistance could probably be dueour earlier observations on Mg/PNP cells to the non-conducting nature of cupricand is true as suggested by Tye et. alt oxideU and may also be ascribed to theFurther, a marginal decrease in capacity formation of insoluble aluminates.
of Al/CuO cells at higher AD contents
(above 40%) could be associated to the It is observed that At/NaOH/CuO cells
decrease in the reaction sites by masking show better current capability (Fig.5)of the electroactive species is, CuO. is., 166 mA in comparison, to AL/KOK/CuO
Therefore, 49% AB content was taken as the cells. This behaviour is rather surprising
optimized composition for further considering the higher conductivity of KOHinvestigations on Al/CuO cells, over NaOH elentrolyte. However, since we

were concerned in the present studies onlyFigs 2 and 3 depict the performance to evaluate the performance of CuO inof Al/CuO cells using different alkaline medium, no special attention wasconcentrations of aqueous electrolyte given for improving the I electrolytes.
solutions of HaOH and KOH (0.5,1,2 and 3 Furthermore, Tsoung et al.,have reportedMI at the optimized AS content and at 25mA recently that a mixed electrolytecurrent drain at room temperature. It is containing 39% NaOH + 50% KOH andclear from the discharge profile that the viceversa would be an ideal electrolyte
capacity of the cells employing either solution for aluminium reserve batteries.
9.5h KOH or 1ii NaOH show hi her reduction In view, of these studies, we could safelyeffficiency and thereby higher capacity attribute our observations to the

formation of insoluble potassium aluminate
3 M.31 KO0 salts during discharge of the cells in ICON

2.6 M KOM solution.So3.9 M KOHi
., iiThe average operating voltage at

higher current drains ( >59 mA) in 011.2V
for cello employing NaOH as electrolyte
and therefore capable of operating at

o26 higher current densities.
S 9 1 15 18 2 241

TIME (h)Fig.2.Dischargo curve of Al/CuO ceils in o2
various concentration of KOH (491 AD, 25 t. 3 56 *A
mA current drain) L.

output. This could probably be due to the
aggressive corrosive nature of these.
electrolytes forming insoluble/soluble Ma
or K aluminates. Hence, iM MaOH and 0.5M "_____________
KOH were taken as the optimised TInE ,iha
electrolyte composition. Fig.4.Discharge curve of Al/CuO cells at

various current drain (49% AD, 9.5 H KOH)Discharge behaviour of Al/CuD cells
in the above optimised AD and electrolyte
concentration at different current drains Table I presents the capacity,
(25,50 and 199 mA) are presented in figs 4 reduction efficiency and number ofand 5. As can been seen from these electrons transferred for Cuo in Al/Cuo
figures, the cell voltage initially falls cells at different current drains andat lower current drain (<59 mA) thereafter electrolytes. It can be seen that at lowerit follows A flat profile and the average current drains almost similar capacitiesoperating voltage is seen ta be 1.1.5 to are obtained suggesting maximum efficiency
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Fig.5.Dischargse curve of Al/ti N&OH/CuO Fig.6.Typical linear sweep voltammogram of
and Mg/CuO cells at various current drain CuO cathode.

and electron transfer for both the
electrolytes. However, at higher current sweep rates. These facts suggest that the
drains (>56 mA) AI/NaOH/CuO cells show reduction of CuO via Cu 2 0 is a
better performance. Cells employing NaOH slow process. Further, a sudden fall in
solutions show higher efficiency and current after the peak potential may be
electron transfer. These results are ascribed to the stability of the reduction
interesting considering the higher product. A linear relationship of i with
mobilities and conductivities of K• over square root of scan rate confirms that the
Na* ions. The above results could be process of CuO reduction is diffusion
assigned to the smaller size of the controlled.
cations is., Na* thereby indicating
higher hydration number and thus enhancing Conclusion
the solubility of Na aluminates as
compared to their potassium counterparts. 1. Aluminium / Cupric Oxide reserve

batteries are capable of operating at
A comparison of our 14results on At/CuO higher current densities (up to 8.6 mA

cells with Zn/CuO cells indicate higher cm-I in a NaOH medium.
operating voltages. Ve have also compared
our investigations with Mg/CuO reserve 2. Cathodic efficiency of CuO ti 86% at
cells as shown in Fig.5. It can be seen low current drains and 36% at higher
from the discharge curves that higher current densities.
operating voltages are obtained In the
case of Al/CuO cells at both the 3. Higher operating voltage (1.26 VI are
investigated current drains (25 and 50 mA) obtained for Al/CuO cells In comparivion
for Mg/CuO cells. However, at 166 mA to conventionally used reserve fi/CuO (1
current drains fg/CuO cells showed V) or Zn/CuO (6.6 V) cells.
operating voltages below the cut off
voltage in the present study. Further, a 4. Energy density of At/CuO cells is
marginal increase in capacity is noticed 146 Wh/kg and is higher as compared to
for cells employing magnesium anodes. Mg/CuO cells ie., IGO Uh/kg.
Moreover, the energy densities (based on
dry weight) of Al/CuO cells are found to Finally, in addition to the above
be 146 Vh/Kg and is higher than Mi/CuO advantages, aluminium is a cheaper anode
cells (1.66 h/kg). material.
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IMPROVED MAGNESIUM BATTERY

Louis P. Jarvis
US Army Research Laboratory

Electronics and Power Sources Directorate
Fort Monmouth, NJ 07703-5000

Abstmrt

Following a twenty month developmental contract Tests were performed to characterize the following
with Rayovac Corporation, One-hundred prototype BA- parameters of the two lots (A and B) of the prototype
4590 magnesium/ manganese dioxide (magnesium) magnesium BA-4590/U batteries: (1) weight and
batteries were fabricated. Half the batteries (lot A) were dimensions, (2) continuous discharge, (3) intermittent
fabricated with no chromates in the cathode. The corrosion discharge, (4) SINCGARS simulation and (5) accelerated
inhibition system was sodium metavanadate in the cathode storage.
and electrolyte, and a cottonseed oil anode treatment. The
remaining fifty batteries (lot B) were fabricated with a 50% The 16-cell Prototype magnesium battery consists of
reduction of barium chromate in the cathode mix. two 15.0-volt electrical sections. Each portion consists of a

2.25 ampere slow-blow electrical fuse and 8 cells connected
Throughout continuous discharge testing lot B in series. The battery is utilized in either series or parallel

batteries outperformed lot A. The magnesium batteries of arrangement. Nominal voltage is 30.0 volts (series) or 15.0
both lots also "ran" hot. The external temperature of six volts (parallel).
batteries exceeded 45 °C. During intermittent usage, lot A
magnesium batteries lost 15% more capacity to anodic The cells are designated 1602-M. The cell, cylindrical
corrosion than lot B batteries. During SINCGARS in shape, is 52.88 mm in height and 25.81 mm in outside
simulation, lot A batteries delivered no service hours; diameter. The cells are bobbin construction. The anode,
whereas, lot B delivered 0.5, 7.1, and 9.2 hours at 4.4, 21.1, the can itself is magnesium alloy (AZ21). This is the same
and 43.3 °C respectively, anode material utilized in the Rayovac production

magnesium battery, the BA-4386/U. The alloy consists of
Overall, the magnesium BA-4590 incorporating magnesium (95.65%), aluminum (2.0%), zinc (1.0%), and

barium chromate has the potential for battery cost savings minute quantities of magnesium (0.2%) and calcium
only under low power, tepid operating temperature (0.15%). The anode corrosion inhibition utilized in lot A
conditions. battery consists of sodium matavanadate (cathode and

electrolyte) and cottonseed oil treatment of the magnesium
Introduction alloy cans. For lot B batteries, the corrosion inhibitor system

consists of barium chromate (cathode) and lithium chromate
Faced with budget cuts, the US. Army is interested in (electrolyte).

reducing battery training costs. The projected low unit cost
of the magnesium chemistry makes the prototype BA-4590 The cathodes mix of the two battery lots are as follows:
an attractive candidate as a cost effective training battery
replacement for the BA-5590/U lithium battery. LotA Comoinent LQLo
Shortcomings inherent with the standard magnesium 52.00% Magnesium dioxide 52.00
electrochemical systems, however, have made this 6.95 Acetylene carbon black 6.95
replacement unrealistic. 0.82 Magnesium hydroxide 0.82

Barium Chromate 0.82

Precious efforts [1,21 have dealt with the development 0.16 Sodium metavanadate
of the magnesium BA-4590 battery. The most recent work 40.07 Electrolyte 39.41
entails the investigation of anode corrosion inhibitor systems
alternate to the standard inhibitor system of barium For lot A the electrolyte consists of 3.5N magnesium
chromate. perchlorate and sodium metavanadate (.2g/1). Lot B

electrolyte consists of 3.5 magnesium perchlorate with
Following a twenty month developmental contractual lithium chromate (.2g/I).

effort with Rayovac corporation, one-hundred prototype BA-
4590 magnesium batteries were fabricated. This paper Experimental Procedure
focuses on the testing and evaluation of the magnesium
batteries under various discharge conditions (rate, Before testing, dimensions and weight of all batteries
temperature and duty cycle). Additionally, effect of were measured. Following discharge, battery dimensions
intermittent usage, SINCGARS radio simulated drain, and were recorded and compared to initial values. Dimensions
accelerated storage was investigated, prior to and following testing were compared to BA-5590/U
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dimensions as specified in MIL-B-49430(ER). maximum weight: 1058 grams
height: 125.40 to 127.00 mm

Electrical testing consisted of continuous constant length: 110.16 to111.76 mm
current discharge, intermittent discharge, SINCGARS radio width: 60.63 to 62.23 mm
simulation and accelerated storage. A 16 channel Techware
Automated Battery Cycler performed all discharge and data All the magnesium BA-4590/U batteries were within
acquisition. Five and one-quarter inch disks stored all the weight specification. The mean battery weight is 974
discharge data. A Tenny Jr temperature chamber was grams.
employed to maintain the battery environment at the
appropriate temperature. Following discharge, the dimensions of all

magnesium batteries exceeded the specifications. The
Continuous Discharge length of all the batteries surpassed the maximum limit of

111.76 mm. The smallest dimensional increase was the
Continuous constant current discharge was height. Fourteen batteries exceeded the height limit of

performed at 4.4, 21.1, and 43.30C. Batteries were soaked 127.00mm. Battery expansion was a direct result of the
for 8 hours at the appropriate temperature prior to discharge. individual cells swelling. The formation of magnesium
The discharge rate varied from 500 to 1250 mA. hydroxide Mg(OH) 2 between the anode and cathode exerted
Throughout testing internal and battery skin temperatures internal pressure on the anode (can). This caused the
were recorded. The discharge time to 20.0 volts was used individual cells to swell and crack open.
to calculate capacity.

Continuous Discharge
Intermittent Discharge Table 1 shows the dependence of magnesium BA-

Testing was performed at 500 mA and 21.1 0C. The 4590 performance on discharge conditions (temperature and
batteries were partially discharged for three hours. The rate).
batteries were then stored at 211.1 0C for one or four weeks. Table 1.
Discharge at 500 mA and 21.1 0C was then continued to an
endpoint of 5.0 volts. The time to 20.0 volts was used for Constant Current Discharge
calculation of capacity. Battery performance was compared
to that obtained for continuous discharge at 500 mA and Discharge Conditions Average Capacity to 20.0 Volts
21.1°C. Temperature Rate (Ah)

(CC) (Amps) Lot A Lot B Lithium
SINCGARS Simulation 4.4 0.50 1.80 2.74 6.70

21.1 0.50 6.56 6.88 7.10
Testing simulated typical usage of the SINCGARS 21.1 1.00 1.30 2.64 7.00

radio. One BA-5590/U battery in the parallel mode powers 21.1 1.25 0.00 1.21 7.00
the radio, which operates at constant power. The discharge 43.3 1.00 2.33 2.5 6.90
scenario consists of 1 minute at 26.4 watts (transmit)
followed by 9 minutes at 3.6 watts (receive). This cyclic
regime was continued to a battery potential of 5 volts under Lot B (reduced chromate) outperformed Lot A
the transmit mode. Testing was performed at 4.4, 21.1 and (sodium metavanadate and cottonseed oil) batteries
43.30C. Prior to discharge, all batteries were soaked at the throughout the continuous discharge regime. The
appropriate temperature for 8 hours. The calculation of magnesium BA-4590 also ran hot. At elevated test
useful capacity used the time to 10.0 volts., conditions (discharge rate and ambient temperature), the

internal battery operating temperature increased. This
inherent characteristic of the magnesium system is

Accelerated Storage beneficial at cold temperatures. The generated heat
warms the battery and improves performance. At elevated

Batteries were stored for four weeks at 71.1 °C prior to discharge rates and operating temperature the additional
discharge. The batteries were then discharged at 500 mA at heat could pose a handling problem. The maximum
21.1 0C to 0.0 volts. The time to 20.0 volts was used for recorded skin temperature of six batteries exceeded 450C.
calculation of capacity. Battery performance was compared This is the pain threshold for skin [3]. Unlike the
to that obtained for continuous discharge at 500 mA and magnesium, the lithium battery performance is highly stable
21.1 0C. throughout the various discharge conditions and it does not

"run" hot.
Result

Intermittent Discharge
Weight and Dimensions

Partially used magnesium batteries do not store well
The lithium BA-55901U requirements for weight and as a result of anodic corrosion. The initial discharge of 3

dimensions are as follows: hours of 500 mA removed the magnesium hydroxide film
that protects the anode from corrosion. Once removed the
film does not reform to its original degree of protection.
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Lot A batteries lost an average of 0.13 hr per day due CstAnAhM
to the anodic corrosion; whereas, Lot B batteries lost 0.11 hr
per day. This represents a 15% greater anodic corrosion A comparison of battery operating cost between the
capacity loss for Lot A. Lot A contained no chromates, only prototype magnesium BA-4590 and the lithium BA-5590/U
sodium metavanadate and cotton seed oil as corrosion was performed. Continuous discharge and SINCGARS
inhibition. Lot B corrosion inhibition system was a 50% simulation was investigated. The analysis is based on the
reduction in barium chromate from 0.12 to 0.06 g per cell. following:

SINCGARS Simulation 1. One day (24 hr) of radio operation
2. Battery unit costs:

Table 2 below shows the SINCGARS simulation test Lithium BA-5590/U: $51.50
results. Performance of the magnesium batteries is highly Magnesium BA-4590/U: $18.40
dependent upon temperature; whereas, lithium BA-5590/1U
operation is considerably stable. Compared to Lot B The above unit prices are estimates of the actual cost
magnesium batteries, the lithium battery provided 390% incurred by the soldier.
greater service. Regardless of the discharge temperature,
lot A magnesium batteries provided no service time. Table 4 compares the magnesium and lithium battery

operating costs for continuous usage. At 4.40C, the
Table 2 magnesium BA-4590/U is cost effective at approximately

500 mA and below. At 21.1 0C, savings are realized at 1.0
SINCGARS Simulation amperes and below. At 43.30C, the magnesium battery is

cost effective below 1.0 amperes.
Discharge Time to 10.0 Volts (hr)
Temp. (°C) Lot A Lot B Lithium Table 4

4.4 0.0 0.5 33.3
21.1 0.0 7.1 34.5 Continuous Discharge Battery Operating Costs
43.3 0.0 9.2 36.0

Temp. Rate Battery Operating Cost ($/day)
(°C) (A) Lot A Lot B Lithium

Accelerated Storage 4.4 0.50 122.7 80.6 92.2
21.1 0.50 33.7 32.1 87.0

The effect of 4 weeks at 71.1 0C is shown below in Table 3. 21.1 1.00 339.7 167.3 176.6
21.1 1.25 no service 456.2 220.7

Table 3 43.3 1.00 189.5 176.1 179.1

Accelerated Storage
Table 5 displays the SINCGARS simulation battery

Battery Lot Service Weight operation costs. Only at elevated temperatures (>430C) is
Number Time (hr) Loss (g) the magnesium BA-4590/1U cost effective.

13 A 0.00 41
14 A 0.00 46 Table 5
15 A 0.00 40
16 A 0.00 44 SINCGARS Simulation Battery Operating Costs
17 B 6.35 10
18 B 6.04 10 Temp. Battery Operating Costs (s/day)
19 B 5.84 10 (°C) Lot A Lot B Lithium
20 B 6.30 9 4.4 no service 883.2 37.1

21.1 no service 62.2 35.8
43.3 no service 48.0 34.3

Lot A magnesium batteries delivered no service following
accelerated storage; an average of 6.56 hours was lost. Lot
B batteries delivered an average of 6.13 hours of operation. The cost analysis assumes continuous battery usage.
The corresponding reduction in battery weights is evidence Intermittent operation of the magnesium system would
of the anodic corrosion that rendered the poor performance reduce any potential cost savings.
of Lot A batteries. Post mortem analysis of the failed cells
revealed much of the anode can had corroded and the Conclusions
cathode mix was very dry. The Lot A corrosion inhibition
system did not perform well - anodic corrosion via Mg+2H 2 0 The corrosion inhibition system of sodium
-- Mg(OH2) + H2 was uncontrollable. Eventually the metavanadate and cottonseed oil (lot A) performed
cathode mix "dried out" and battery performance was
drastically reduced.
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extremely poor. Throughout the entire test regime, lot A
magnesium system showed no performance advantage over
lot B (50% BaCrO4 reduction) magnesium batteries.
Following four weeks of 71.1 0C storage, lot A magnesium
batteries delivered zero service hours; whereas, lot B
delivered an average of 6.1 hours. Similar results were
observed for SINCGARS simulation testing. Regardless of
temperature, lot A delivered no operational hours; whereas,
lot B BA-4590 batteries delivered 0.5, 7.1 and 9.2 hours at
4.4, 21.1. and 43.30C respectively

Overall, the prototype magnesium battery did not
perform well at extreme conditions. At 4.40C and below and
at rates greater than 1.0 amperes, BA-4590 performance
was significantly reduced. Additionally, the battery
dimensions were not stable and the external temperatures
exceed 450C at certain conditions. The lithium BA-5590/U
performance was far superior. SINCGARS simulation tests
showed that only at elevated temperatures (>430C) is
magnesium BA-4590 usage cost effective versus lithium BA-
5590/U. Regarding continuous usage, the cost effective
break even point is 1.0 amperes at 21.1 and 43.30, and 0.5
amperes at 4.40C.
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Introduction
Galvanostatic Polarization Measurements

Magnestus batteries, both reserve and Anodic and cathodic polarization of
dry types are, neverthel'ss2verV Mg-Li alloy anode in various electrolytes
attractive than zinc/lithium batteries. mentioned earlier were carried out by
Investigations on magnesium anode either impressing direct current from a constant
individually or in conjunction with current generator. The experimental cell
different depolarizers have attained was a typical three electrode assembly
remarkable dimensions, which is evident using platinum foil as counter, Ag/AgCI as
from recent literature scan." The reason reference and Mg-Li (3 an I 2 cml as
acclaimed to the potentialities of working electrodes. The Mg-Li pieces were
magnesium anode like high energy, cloth buffed in the presence of pumice and
environmentally friendly and, ofcourse, then degreased with trichloroethytene
technologically comfortablet before use.Polarization measurment was

started after an immersion time of 5 mim,
Studies on the improvement of shelf- when a steady state potential (open

Life and potential realization of circuit) was obtained. Current da~sities
magnesium have been attempted through in the range of If - 253 mA cm- were
various means either by introducing impressed on the working electrode and the
inhibitors,eliminating certain degrading steady potential was measured at each
elements, surface coating or alloying with current density.Current and potential
metals like Al, Zn, Pb, Sn etc. Some measurments were made using high impedance
magnesium alloys (AZ 31, AZ 21, AP 65, AT multimeter.
61) have been extensively investigated and
few are well established in certain Preparation 2.t Electrodes an Coll
practical applications1 ? Assembil

Mg-Li alloy sheets of 3 ca 1 2
However, the idea of alloying lithium cm size and 6.15 cm thickness were used as

with magnesium is quiet interesting so as anode. Cathodes were prepared by pressing
to enjoy the higher potential/energy a loose powder mix containing Ig CuO, 0.4g
characteristics of lithium and till date acetylene black and 2 to 3 al of aqueous
very few repo.rtsu are available to binder on both sides of a 3 cm 1 2 cm
elucidate the possibility of exploiting copper current collector at an optimized
magnesium - lithium (Mg-Li) alloy as a pressure. Thus, a cell assembly consists
battery anode. The addition of lithium to of two anodes and one cathode seperated by
magnesium has been reported to have a cellophane arranged alternatively and
corrosion resistance" similar to other loosely wound by nylon thread for keeping
magnesium alloys and give higher voltage the electrodes intact to minimize the
and better discharge characteristics, ohmic resistance. Electrodes were

assembled in a PVC container and activated
Hence, in the present paper, we have with the required volume of the

carried out a comprehensive investigation investigated electrolytesand discharged at
on the performance characteristics of Mig- constant current drains of 25, 5, 75 and
Ll alloy as a half celllsinglo electrode) ill mA at room temperature up to a cut off
as well as Mg-Li/Cuo cell in selected voltage of 6.a V. Voltage vs time
electrolytes. were recorded at time intervals. The

weight of anode consumed was also
Experimental determined from the initial and final

weight of the anodes taken before and
Cheicas : Mg-Li alloy (13% Li), MgCi 2 , after discharge respectively. The anodesMgBr2 , Mg(CI04) 2 , Mg(COOCH3 )2  and CuO were cleaned by a standard procedurý
(Loba Chemie, ARe were used. before weighing.

Determination f1 Self Corrosion Results and Discussion
Ueight loss method was used for

comparing the self corrosion of Mg-Li The work described here relates to
alloy in various electrolytes. I ca 1 1.5 the studies on the anodic behaviour of Mg-
ca specimen were intially cleaned and then Li alloy metal undertaken either
weighed. These sheets were completely individually or in combination with
immersed in 166 at of the investigating cathode in the presence of various
electrolyte for 15 hours at 30+10 C. During electrolytes such as MgCI 2 , Mg~r 2 , MgSO.,
the course of this experiment the Mg(C04) 2 and Mg(COOCH3 )2 solutions.
solutions were not stirred, since in an
actual battery the electrolyte is under Corrosion Rate l*Masuresanl
stagnent condition, when the current is It is well known that the corrosion
not drained. rate depends on electrolyte concentration,
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alloy composition and pH of the solution. On Circuit Potential surements
The corrosion rate of Mg-Al alloy is Open circuit potential (OCP1
highest in chloride medium and lowest in measurments have been carried out for
perchiorate medium. This was ascribed to Mg-Li alloy (vs Ag/&gCIl in 1.6, 1.5 and
the parasitic corrosion occuring in Mg-Al 2.0 molar concentrations of gCt 2 , SIr2
a lIoysi Hg(CI0 4 12, MgSO4 and tg(COOCH3%2

electrolytes.
However, in Mg-Li alloy the rate of It is evident from table Ill

corrosion is maximum and minimum in that the OCP of MS-Ll alloy is found to
Mg(CIO 4 1 2 and HICI2 electrolyte solutions increase slightly with increasing
respectively (Table I). Further, the electrolyte concentration. The OCP is
corrosion rate increased at higher marginally higher in the case of MgC12  or
electrolyte concentration due to the MgBr2 electrolyte and this could be
increase in the anion contentIL and the ascribed to the slightly acidic nature4 of
corrosion rate of Mg-Li alloy in 2 " these electrolytes. It is interesting to
solution of various electrolytes are in compare our observations with the OCP of
the order of MgC1 2 < Hg(COOCH 3 ) 2 < MgS04 < Mg-At alloys" wherein higher potential
MgBr 2 ( KgICIO 4 2. differences are realized in MgCl2 medium

than Mg(CI04)2 1.., 6.15 V. However, in
Table I the present study the difference is only

Corrosion rate measurement of Mg-Li alloy by 6.B6 V. This fact could be ascribed to
in different electrolytes the adherent passive film formed by

LiCt. The formation of corrosion product,
Corroszin rat Concentration high reactivity of alloy, internal
(.m cm -- stn ") (molar) resistance caused by the magnesium

--------------------------. hydroxide film formation and the entry of
1.9 1.5 2.6 hydrogen gas into the electrode surface

-....................- resulting in the reduction of the
MgC12  9.9031 9.9042 9.0059 effective surface area are the likely
"MgBr 2  6.6946 6.0657 6.0166 reasons for the sharp drop in the OCP of
Mg(C[04)2 6.0654 0.0064 6.0422 these electrolytes.
MgSO4  6.6638 6.6652 0.9072
Mg(COOCH31 2  6.0653 6.6060 6.0667 Table III
------------------------------------------. Open circuit potential of magnesium-

lithium alloy in various electrolytes with
Table It presents a comparison of the respect to Ag/AgCI reference electrode

corrosion rate of Mg-Li alloy with the ------------------------------------------
widely used Mg AZ 31 alloy. Electrolyte Open Circuit Potential (V)

Table It (Kolar) 1.6 1.5 2.6

Corrosion rate measurment of Mg-Li alloy ------------------------------------------
and Mg AZ 31 alloy in 2.0 molar MgCl2  -1.46 -1.46 -1.59
concentration MgSr2 -1.47 -1.48 -1.52
---------------------------------.2........fg (C? 4)2 -1.42 -1.42 -1.44
Electro Corrosion rate (mg am min gS04  -1.36 -1.38 -1.42
-lyte ------------------------------- Mg(COOCH 3 ) 2  -1.38 -t.40 -1.46

Mg-Li Mg AZ 31 ------------------------------------------

MgCt 2  9.6659 9.1.632 Galvanostatic Polarization Measurements
MgBr 2  6.0168 6.0816 Figs.t(n-cl show plots of potential
K2(CI0 4 ) 2  0.0422 0.6629 against tog current density for Mg-Li
KgSO 4  0.0972 9.6033 alloy in various electrolytes ýnen
Mg(COOCH 3 ) 2  0.9967 6.0634 subjected to galvanostatic polarization.
-----------------------------------------. It is observed that the cathodic

polarization was more pronounced than the
The maximum and minimum rate of anodic polariT-ation. This reveals that

corrosion is observed for Mg-Li alloy in the corrosion of this alloy in these
Mg(Ci0 4 )2  and MgCI 2 electrolyte solution electrolytes is controlled cathodically.
respectively. Similar behaviour is observed in the case

The above observations are of Mg A231 alloy[Figu.2(a-cJ. It can be
interesting considering the difference in seen from these figures that electrolytes
the corrosion behaviour of Mg-Al and Mg-Li like HgSO4 and Mg(COOCH 3 ) 2  show more
alloys. In the case of Mg-Al alloys, the positive value and hence these
onset of parasitic reaction and subsequent electrolytes are not suitable.
formation of highly acidic AICI 3  salt,
enhances the rate of corrosion in MgC12  Djs gts Behaiour
edium. However, in Mg-Li alloy, the Magnesium reserve cells were

anodically generated electrolyte salt, fabricated using Mg-Li alloy, CuO as anode
LiCt accumulates untill .t precipitates and cathode material respectively. The
out as an imFprvious layer in the pores of discharge characteristics of Mg-Li / MgCI2
the superficial hydroxide layer and / CuO cells have been carried out
thereby increasing the corrosion galvanostatically under continuous
resistance of this alloy. Further, these discharge at various current densities.
facts may also be supplemented by the Table IV summerizes the performance of the
newer mechanical properties associated above celt at various current drains (25,
with this alloy? 50, 75 and If mA) corresponding to
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Table IV
Various energy parameters of Mg-Li

ax V -.11MSC1 2 / CuO Cell
Me!Cell CO. --- A --- 2-

Cot I CD a s
'-*parameters - - - - - - - - - - - - - - -

*2.1 4.2 6.3 8.6

4 'A' ~~ Cell - - - - - - - - - - - - - - - - - - -

Voltage (VM 1.24 1.•6 •.92 6.87
Capacity (Ah) @.64 •.63 6.40 0.35
Not. of elect
-tons tranof
-erred 1.91 1.86 1.19 1.94
Cathod '
efficiency(%) 95 93 6o 53

W -- €.•z) Anodic
eof iciency(%i 65 6a 73 at

FIg.3 shows the discharge behaviour
of Mg-Li / MgCi 2 / CuO cells. The open

A •o I circuit voltage of 1.62 V decreased an

o Mesa. applying load to a Constant working
" 3,2 rvoltage of t.24 V. This is due to the

| 2 internal resistance of the cell.

- The capacity output or the cathode
efficiencies were found to be 95% and 53%

at lower and higher current drains
- l4 lrespectively indicating higher electron

transfer at lower drains. A comparison of
these results with Mg AZ 31 / CuO cel at

-U 25 and 51 mA current drains (Fig.3)
suggests that the incorporation of lithium

in the present investigation not only

-31U

ACURRENT OMgt NSIY A ,."2 * i e ,

*.,- -148-
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I
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*-rs ti COOCy1 t2  o I I.
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Inceae n uren dnsiie rsuts(C)C

attIbute Gav tosthe&cese ahd€ t. i vnsac Polarization of "S-L
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"F inatly, in view of the above"1g 4231 colt I "-LL GelI advantages. hg-LI alloy is a potential
S 2 5@ nA 0 25 MA anode material for magnesium batteries.
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ELECTROLYTE LEAKAGE PHENOMENON IN RESERVE ORDNANCE BATTERY
FOR US. ARMY M732 ELECTRONIC PROXIMITY FUZE

Mel Morganstein
Reserve Battery Technology Branch

Electronics and Power Sources Directorate
Army Research Laboratory

2800 Powder Mill Road
Adelphi, MD 20783-1145

The PSIIS Reserve Power Supply extraordinary fashion. This solvent, methylene bromide (MeBr, specific

The M732 electronic fuze is the principle proximity fuze system used gravity = 2.497, twice that of the electrolyte) is held in a special inner can
in the U.S. Army and Marine Corp's 105, 155, 175, and 8-inch artillery and is metered out through small holes after the aqueous electrolyte,
and 4.2-inch mortars. Millions of these fuzes are in the field stockpiles quickly displacing the conductive electrolyte from the common distribu-
worldwide. Energy for the fuze is provided by a liquid electrolyte reserve tion channel and eliminating the intercell short. To retain the MeBr,. the
battery designated the PSI 15. To meet storage requirements over the unsealed innercartridge containsapolypropylene fiberpad, a material that
required 20 year plus shelf life and under a wide range of conditions (-40° is wetted by oleagenous substances such as MeBr,. but not by aqueous
to about 65°C), the battery is a reserve system that is inert prior to use. As solutions such as the fluoboric acid electrolyte. Thus, the pad absorbs the
such, the fluoboric acid electrolyte is stored apart from the cells in a copper MeBr 2 like a sponge, retaining virtually all of the liquid, even after decades
can or ampule. of storage.

An ordnance battery must also withstand very high mechanical stresses Since initial compatibility studies of the materials comprising the
during operation, viz. linear accelerations of over 25,000 g's (over 35,000 ampule system indicated chemical compatibility, no extraordinary effort
g's in rocket-assisted projectiles) and spin rates over 300 rps. had been made to isolate the fluoboric acid electrolyte from the MeBr1.

The rugged 19-cell assembly (Figure 1) is fabricated into an integral Thus, the cartridge holding the MeBr2 was not sealed in the initial
unit by the thermal lamination of a series of steel-based, electroplated, bi- production design, but included small holes to meter out the MeBr, after
polar, circular plates, alternately stacked with separators made of polyeth- the acid electrolyte. As will be shown, this proved to be a critical design
ylene-coated. highly impervious paper. A grooved brass plate bonded flaw.
between the ampule and cell stack assembly works in conjunction with a The Leakage Mechanism of Early Design PSIl1 Power Supplies
series of holes in each of the electrode plates and acts as a manifolding
system to route the fluoboric acid electrolyte into the cells when the battery The degradation problem was first discovered in PS 115 battery engi-
is activated. The electrodes utilize lead and lead dioxide as the active cell neering samples in 1983. It was seen in advanced cases as external
materials. To minimize thickness and withstand the extreme mechanical destruction of the molded glass-filled polycarbonate battery case (Figure
forces, these materials are electroplated in layers about 0.025 mm thick 2). When samples were removed from M732 fuzes and returned from the
onto a nickel-flashed, 0.065-mm-thick steel base stock to create a bipolar field during a followup study, researchers quickly learned that internal
material. electrolyte leakage could be severe enough to destroy the paper separators

Since the batteries are built into the fuzes and must activate automati- without being evident externally (Figures 3 and 4). The separator degrada-
cally at gun launch, liquid electrolyte reserve ordnance batteries incorpo- tion permitted electrolyte short circuits to develop down the outside of the
rate a unique mechanism within the ampule that automatically pierces the stack of cells, drastically reducing output voltage, and thus affecting the
container and releases the liquid at projectile launch. This mechanism takes electronic operation. Although the fuze would revert to the backup ground
advantage of the extreme mechanical forces available only at that time, a impact mode function, there would be a loss in combat effectiveness. Only
combination of linear setback and angular acceleration forces. Centrifugal in the most advanced cases did it appear that the fuze mechanism itself
force generated by projectile spin then moves the electrolyte into the cells would be attacked to the degree that it would fail to function at all. A high-
and activates the battery in a few milliseconds. level study was sponsored by the Army to determine the extent that this was

To eliminate the intercell electrolyte short-circuit that persists after the also occurring within fielded M732 fuzes, what was causing it, and what
electrolyte is distributed throughout the series-connected assembly, the could be done to mitigate or eliminate the problem both in the current
PS 1I5 makes use of an immiscible, non-conducting organic liquid in an stockpile and future production.

*®E.IIE..®.o* :"::

1300W Plot". and Ceul Sepm.o. Sequencer Copper
\Fill Channel (Manifold Plate) Amnpule

Polycarbortate
Poosty nM FIlle Ring

~ Assembled PSI115

Figure 1. PS115 Reserve Battery, exploded view at top; assembled at bottom.
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Because the initial studies had not shown any material incompatibility, tests. Consistently. ampules were intact even after accelerated-aging tests
this problem came somewhat as a surprise to the battery's developers at the at 71 `C (160°F) that ostensibly simulated storage well beyond the 20-year
Harry Diamond Laboratories (HDL).* The pure ETP (Electrolytic Tough requirement.
Pitch) copper from which the ampule is made had been proven to be Investigators found that leakage took place through pinholes eaten
extremely resistant to attack from the fluoboric acid electrolyte. Common through the 0.076-mm-thick frangible copper diaphragm. In fact, exten-
chemistry texts indicated no direct reaction, and this conclusion had sive pitting was discovered in the interior surface of the copper ampule
seemingly been demonstrated after long-term, high-temperature storage where it was wetted by the acid (Figure 5). While this microscopic pitting

was not deep enough to perforate the thicker 0.25-mm-thick walls of the
*Niw pirt ,fthie U.S. Army Reserch Laborator. cylindrical ampule cup itself. it often penetrated the much thinner dia-

phragm. (This can be seen in Figures 6 and 7.) Also noted was a white
precipitate of an insoluble copper salt coating much of the interior of the
ampule.

In the post-leakage study, it was ultimately established that complex
chemical interaction was taking place between the acid electrolyte, the
supposedly inert MeBr2 insulating fluid, and the copper of the ampule.
Where the liquid reactants are in contact with the copper, pitting will occur.

Depending on storage conditions, perforation-and thus leakage-will
often occur if the liquids are in contact with the thin diaphragm. This
chemical process proceeds until the partial pressure of one of the reaction
products, methane gas, reaches about 6 atm. If this is prior to a perforation,
the process effectively stops and the ampule remains intact. This is borne
out by plots of cumulative leakage v. time, wherein the leakage incidence
approaches a limiting level (see Figure 9). The corrosion mechanism is
documented' in detail and is discussed in the next section.

Chemistry of Corrosion Process
Exposure of the copper comprising the ampule and diaphragm to

.------ ---- atmospheric oxygen inevitably produces some oxidation on the surface. It

Figure 2. Degradation of polycarbonate case by leaking was well known that this thin oxide coating reacts readily with the acid

methylene bromide. electrolyte. Cu20+2H+~--2Cu++H20 I

CuO+2H+--Cu+ 2 +H20 (2)
Despite the fact that copper is found above hydrogen in the regular

electromotive series, it has been demonstrated that copper will nontheless
. react with a non-oxidizing acid 2 such as HBF4 .This will liberate hydrogen

until the concentration of the gas is such that the potential established for
equilibrium (3) is equal to that established for (4).

H2-+*2H++2e- (3)
2Cu++2e-+-*2Cu (4)

When this occurs, the EMF disappears, terminating the corrosion. That
is, the following reaction,

2Cu+2H+-->2Cu++H2, (5)
proceeds until a sufficient hydrogen partial pressure is reached. This
supports the observation that copper is not seemingly attacked by the
fluoboric acid electrolyte within the sealed ampule, unless some mecha-
nism occurs to remove the hydrogen and/or copper ions.

Figure 3. View of good battery split between cell stack Through Wilo; in
and sequencer.

Figure 4. View of leaking battery split between cell stack
and sequencer. Note corrosion on electrode plate Figure 5. Interior view of ampule showing extensive pitting on cutter

and destruction of separator. blade mounting plate and diaphragm.
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Figure 7. Magnification of Area A showing pits and perforation.

Figure 6. View of diaphragm showing perforation.
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2,00 / Tim to 50% 5e1136- fluoboric acid electrolyte and the meth) lene bromide insulating liquid. The

4 ye""'4 3.5 yesbromide- capsule was moditied so is to be a completely sealed container
3 yeay within the larger acid ampule. Thin copperdiaphragm panels that would be

O - 2 yam 57 F torn open dunng gun launch by a second set of internal cutter brades were
600 added to the capsule.

40 1 year Saving the Existing Battery Inventory, the "Bakeout" Program

During the research program, it quickly became evident that the
reaction products did not affect battery performance. and that ampules
could be -'heat treated" to reduce the potential for leakage. By merelyi- 'Time to f"i~ lk raising the temperature of the ampules to the critical threshold level,

74°C±3', and toring them at this level for three days, the reaction could
be driven to equilibrium, i.e., to stability, without the formation of pits.
While this new irsight could not salvage any PS 115 batteries already built
into fuzes. it could be used to preserve battery inventory that was in the

e5C 55C 4.C 35C 25C 15C "pipeline" after the fuze production lines were shut down following

10 I I discovery of the problem. Consequently, the Army fu ded a program to

30 32 3.4 save this quantity of approximately 500.000 batteries by "baking" them in

(tmperature, K) x 103a controlled process.

Preserving the Existing Fuze Stockpile
Figure 8. Arrhenlus plot of storage data. Further, a partial solution was developed to halt the continuing degra-

70. dation of the existing stockpile. The ampule study included tests which
vadustes demonstrated that the incidence of battery leakage was a maximum when

60" fthe diaphragm was down and fully wetted, less when the ampule was on its
side and the wetted area reduced, and virtually non-existent when the

5o, diaphragm was at the top and thus untouched by the liquid. Since the fuze

40 inventory was largely stored pointing nose upward. with the battery
ampule diaphragms wetted, it was clear that the degradation could be

30. •arrested by inverting the fuzes. Acting on recommendations of the techni-
cal staff at HDL. the U.S. Army directed that the entire inventory of M732

20-- 70oC fuzes throughout the entire world be positioned nose downward.S55°C
S45'C M732 Fuze Stockpile Surveillance Program10" 35'C

S25°C Unfortunately, the inversion operation only servcd to help prevent

0 10 20 30 40 50 further degradation: batteries which had already leaked could not be saved.
Under the direction of the Army, a surveillance of the fuze stockpile wasbegun to statistically assess the real condition of the fuze batteries at

Figure 9. Ampule leakage rate v. time at fixed storage temperature. various locations on a lot-by-lot basis. It was planned that through this

program, the Army would be able to determine which assets should be
lower temperatures was evident. Chemical tests indicated that the same disposed, which could be accepted as is, and which should be completely
reactions had taken place, but the physical results were significantly screened by some non-destructive test method. e.g.. X-rays, to screen out
different. fuzes with leaking power supplies.

Examination of the inside surfaces of the ampule can and diaphragm The study to date has demonstrated that storage environments in the
of samples stored above the threshold temperature showed that the surface many locations, including depots and ammunition supply points in the
of the copper was subtly changed to a matte-like appearance with no continental United States, the Middle East, Europe, and the Republic of
pitting. This clearly indicated that achemical reaction involving the copper Korea. have differed significantly from nominal parameters that had been
had still occurred, but the reaction was now evenly distributed across the used for the original estimates of nominal stockpile condition. It is clear
entire wetted surface, and not confined to very localized areas so as to cause that these variations have significantly affected the condition of the
pitting. It was evident that the process that caused pitting and perforation stockpile at different locations and with different histories. It has been
no longer acted at 71 'C. It was eventually established that above about learned, for example. that fuzes stored in desert environments with mini-
60°C (140'F), increased solubility of the copper precipitates prevented the mal insulative storage were in significantly worse condition than those
formation of the masking protective coating and eliminated the unique retained in magazines with adequate earth cover, where the temperature
mechanism that caused the pitting. Although unknown during the develop- was consistent and fairly cool. In the latter case, older fuzes are in
mentperiod, itwasnowevidentthattheoriginalstoragecompatibilitytests significantly better condition, and most newer fuze lots are in perfect
of the ampules at 71 PC were invalid since the higher temperature did not condition. Samples are currently being taken from sites around the world.
merely accelerate the effect of storage, it altered the internal processes and
eliminated the very cause of the leakage. References

Solutions to the Ampule Leakage Problem I. Jeffrey T. Nelson, HDL report. HDL-TR-84-6. "Corrosion Mechanism in
the M732 Fuze Power Supply" (April 1984).

The inve:;tigation produced several ways of dealing with the problem. 2. UR. Evans."The Corrosion and Oxidation of Metals," pages 312-313
depending on whether we were dealing with batteries yet to be produced. (1960).
batteries that had yet to be built into fuzes, or the existing M732 fuze 3. Hartman & Schrobilgen, "Inorganic Chemistry." Vol. II, No. 5. pages
stockpile. 940-951 (1971 ).

Batteries Yet to be Produced 4. Jeffrey 1. Nelson. HDL Report. HDL-TR-21 10. "M732 Fuze Stockpile
Evaluation" (April 1987).

For batteries produced after the cause of the problem had been
identified, the ampule was redesigned to eliminate all contact between the
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The sivr-zinc (Ag-Zn) battery system has been uniquely Typical applications include:
efficient to safel satisly high powr demand applications with
low mass and volume. However, a new generation of defense, 1. Remote-activated for missile systems and military
aerospace and commercial applications will impose even applications.
higher power demands. These new powr demands can be 2. Rechargeable for space misslons and high energy
potentially satisfied by the development of a bi-polar battery efflency requirements.
design.

Bipolar design can improve on standard system by
AppMligtlolts reducing the weight and volume of the individual cell. This

design concept also increases the voltage output thereby
Ele hmiala Actuators reducing the number of cells required. Some of the factors

involved are:
Electromechanical actuators (EMAs) for space launch

boosters for use by DOD, NASA, and commercial space 1. Reduced Weight and Volume:
programs are potential application for this high power battery A. Elimination of the plastic cell container
system. B. Elimination of plate leads and intercell connector

C. Elimination of internal plate current collector.
EMA's could replace hydraulic actuators which are olten

cotly for procurement, maintenance and operability. They 2. increased Voltage
have olten caused launch delays. Recent advances in A. Eliminate resistance of current collector
electrical components, motors and power processing make B. Eliminate resistance of plate lead
high power EMA's a practical alternative which could reduce C. Eliminate resistance of intercell connector
cost for e and launch operations. Additionally, the components of a bi-polar design lend

Silver-zinc is considered most practical for high power teselves to a 'stacking" assembly operation. This provides
capability with good voltage response control and excellent potential for an automated, high volume production line which
energy density. Bipolar design could extend the silver-zinc would lower manufacturing labor cost.
advantage for this application where load varies from 40 to 400
amperes and voltage control of ± 15% is desired. Problem/uwl

For example, standard secondary (rechargeable) silver-zinc
design for high power, 270 volt EMA's has been estimated at EPI worked previously (1974-75) on development of a
over 620 ltb. EPs previous research on bi-polar design secondary bi-polar silver-zinc bery. This development
projects a weight estimate of 196 lts. demonstrated the electrical capability of the system and

manufacturing techniques.

d One difficulty with this development was mechanical
problems with the seals. However, recent improvements in

Another potentlal application is in the emerging plastics and adhesives should eliminate the major problem
technologies of the medical community. Battery operated of maintaining a seal around the periphery of the bi-polar
hand tools and portable Instruments provide advantage of no module. The seal problem is not as significant for a primary
power cord and use on remote sites. This application is the battery application or for a requirement for only a few discharge
result of recent advance* in miniature brushless dc motor cycles
technology. This motor type has several advantages over AC
induction motors, .cluding high efficiency and linear speed A second dificulty encountered was with activation
control. (introducing electrolyte into the cell) and with venting gas from

the cell without Ies of electrolyte.
This application is at opposite end of energy spectrum

from EMA's requiring very small betteres. Ho r, it is The design presents some unique problem areas
similar to EMA's with relativety high power output for size and due to its unusually thin cell thickness and constructio
weight and also requiring high energy density and close requirements. These concerns are detailed as folows:
voltage control. This field Is wide open to advantages of bi-
polar design. Activation: Entrapped gas bubbles are diffiult to remove.

Thorough wetting requires pulling vacuum several
times.

Initial Charging and Conditioning: Evolution of gas from
Ag-Zn batteries have been unique for many years in their charge becomes entrapped causing high charge voltage by

ability to safely satisly high power demands with Io mass and increase in internal resistance. A few charge/discharge cycles
volume and with good voltage control, are required to realize optimum efliciency.
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Loss of Seal: Construction defects are difficult to test for.
Seal breakdown may occur due to substrate corrosion from _EENOE +
charge/discharge conditioning or cycling. Electrolyte leakage
from more than one cell In stack can cause high resistance A
external discharge which reduces stand capability. - J-..

Vent System: Improved vent system is recommended to .oor xON

provide removal of entrapped gas.

12.00 .0018 W 6

SILVER SILVER

Deslan 

FOIL I
In this design concept the power consuming, inter- Z zINC

electrode, current conductors are eliminated while the current
is then conducted via the large cross section, electrode I
substrate. Negative and positive active materials are applied-..- J2

to opposite sides of a solid silver foil substrate. 1..00ia.oo IYNRJ. SERU O NAA
AROUND

The relationship of components for the silver-zinc bi-polar is
shown in Figure 1 below. The design shown represents
materials utilized in the previously mentioned development Figure 2. Bi-oar electrode

effort. Our current program is evaluating additional new
materials.

SILVER ML I _TEFCEUL CONNECMR The bi-polar cells are assembled into a ten cell stack or
module which is shown in Figure 3. The reservoirs on each
side of the module are initially filled with electrolyte for
activation. Activation is accomplished by pulling an exdernal

vacuum which evacuates air from each cell through the
sNTEvCEI.L-fill I vent tubes. After release of vacuum and cell filling, then

ONNTOR -- these tubes also provide for venting of gas or ecess
electrolyte into the reservoirs.

POSITIV SIDE-\ ýYNT TUBE

A.--l

, I
I I

Figure 1 Relationship of comonnt I

g -b-o- e is ft di in Fu 2. -h ----------------------------

positive side consists of sintered porous silver. The negative
side consists of a vacuum deposited zinc bottom layer and a
sprayed zinc oxide top layer. The substrate (or intercell
connector) Is silver foil with an electrochemical etch. Figure 3. Ten-cell bi-poar module

The seal (or cell frame) consists of porous Teflon with
assembly accomplished using a two-part epoxy adhesive. The
separator system utilizes two absorbent types, Webril and
viskon, and a barrier type of cellophane.
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A portion of the test data generated during the previous
development effot is provided heren in Figures 6, 7 and 8.PR ,1'"
FigureS6 shows call voltage versus trime at four differnt current
densities. Figure 7 show cycle life as a function of depth of
discharge. Figure 8showsocell votage at 5, 1S and 30
seconds during the cycle Wie of the cell. Note that voltage 14

continiues to improve throughout the cycle hre until capacity 5SCMVLA
degradation becomes a factor after about 40 cycles.

1.3015 SECS VOLTAGE

1.20 ____IV_~f

1.60 -TYPICAL YQLTAGE CHARACTERisTics

1.40 10 20 30 40 so 6

1.301.75AMP/IN2CYCLE LIFE NO. OF CYCLES

W Figure 6. Cell voltage versus cycle life
01.101.5 ampslim2, 25% depth da discharge

0 20 40 60 80 100 140 ISD 220 20 During previous work, the folkywng projections for energy

DISCHARGE TIMrE -SECONDS density were made from test data for a high powe system
which demonstrated In emces of 50 discharge/charge, cycle.

Figure 4. Cell voltage versus discharge fin Prjce yse oe =10kioat

Discharge time = 30 seconds
Discharge current density = 1.75 amnps/in2

System Weight =86 lbs (9.7 WI-l1b)
System Volume =1071 in3 (.78 W~fn 3)

7SI I I I I I
70 C~~URREN PRGRM GOALI

60 CCLE IFEEPI is currently working on a development program to
Produce a bi-polar silver-zinc battery design for NASA. The
potential application would be to powr electromechanical

40 actuators for space launch vehicles.

Base Load = 40 amps
30 Steady High Load = 200 amps

Peak High Load = 400 amps
2D System Voltage = 270 volts

1 Pea~k High Waf = 108kidowafts
-Avg. Load = 53.3 amps

0 Discharge Time = 10 minutes
IC 20 30 4 o G oS o 1 Capacity = 8.89 amp-hours

Diem op Dtscmit~m

Figure 5. Cycle life v;. .hu depth of discharge
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The lithium polymer battery is presently under are currently in progress in our laboratory to contribute to
development in various academic, governement and their understanding and, hopefully, to their solution.
industrial laboratories throughout the world. The question,
however, which still remains to be solved is whether this LPB conceot and features
battery has effectively reached the state of passing from a
promising electrochemical technology to a competitive The basic structure of LPBs is well known: in its most
commercial reality. An analysis of the electrolde and common form it combines a lithium ion conducting polymer
electrolyte materials most commonly used for the membrane with two lithium reversible electrodes, namely,
production of lithium polymer batteries would suggest that a lithium metal foil anode and a cathode based on a
key aspects which still require particular attention are the reversible intercalation compound (e.g. V6013, TiS2 or
phenomena at the electrode interfaces. In this review LiMO2 ,M= Co, Ni). The latter is blended with the polymer
these aspects are discussed and the lines of research elecrolyte and carbon to form a plastic composite which is
which are currently in progress in our laboratory to backed by a metal foil current collector. LPB prototypes
contribute to their understanding and, hopefully, to their are formed by a simple lamination of the three
solution, are illustrated. components to obtain thin-layer, flexible structures which

in principle may be fabricated in any desired shape and
Introduction form. Such a straighforward and versatile fabrication

procedure, combined with the high energy content of the
In the late seventies Michel Armand 1 proposed the electrodic system, are the major key features of LPBs. In

use of polymer or polymer-like materials for the fabrication fact, the scaling-up of the LPB production can be
of thin-film, rechargeable lithium batteries, and this idea conveniently achieved by adapting existing winding
has gained increasing popularity and attention. Over the machines routinely used in the capacitor industry for the
last decade several academic, governement and industrial lamination of the components in various battery designs.
laboratories have been engaged in the development of this Thus one can envision the appealing possibility of
fascinating battery concept. Many important results have obtaining solid-state batteries which are produced in any
been obtained and the lithium polymer battery (LPB) has form to be placed in any available empty space of aprogressed from laboratory scale to the fabrication of specific portable electronic device or automobile body.
prototype systems with a rate which is without precedent in Indeed, LPBs can presently be readily prepared in flat,
the history of the development of advanced batteries, thin design for powering 'smart' credit cards, in prismatic

Today, the United States, Japan and trie European packaging for powering portable computers, in 'C'-cell
Community are investing heavily for developing configurations for powering consumer electronic devices
technology for the large scale production of LPBs with the and in high-capacity cyindrical, spiral assembly or
final aim of winning the race for the production of an prismatic stack modules for electric vehicle applications 2 -
advanced electrochemical source suitable for powering Such unique configurations promises highly efficient
electric vehicles and consumer electronic devices. The packing, and thus quite high energy densities may be
important question, however, which still remains to be anticipated for LPBs. Indeed, direct tests on practical
answered is whether the progress in the field of LPBs has prototypes confirm that LPBs may offer energy densities
reached a level such that all the related challenging consistently higher than lead-acid and nickel-cadmium
technological goals have been met and, therefore whether batteries 3 .
these batteries have indeed passed from being a
promising electrochemical technology to a competitive
commercial reality. Reliability, durability, safety and cost
are the main requirements which have to be realized. An The Ka LPB compoent: the electrobdt
analysis of the electrode and the electrolyte materials most
commonly used for the production of LPBs would suggest The success of LPBs is directly linked to the
that the key aspects to which detailed attention should be availability of a satisfactory electrolyte, namely of a
addressed are the phenomena at the interfaces, Data membrane which combines high ionic conductivity with
reported by various laboratories clearly demonstrate that flexibility, extended temperature range of operation, wide
the lithium electrode interface is inevitably affected by electrochemical stability, lithium transport number
passivation phenomena which may influence the approaching unity and compatibility with the electrode
cyclability and the reliability of the battery. Chemical and materials. In the inital stage of development, membranes
electrochemical reactions may also occur at the other, formed by complexing lithium salts with poly(ethylene
postive (intercalation electrode) interface which will also oxide) PEO, have been widely used4 . However, these
affect the capacity and the discharge efficiency of the first generation polymer elecrolytes, although of great
battery. In this work we will attempt to illustrate and discuss importance and continuing interest, suffer by a
these problems, and review the lines of research which temperature-dependent conductivity which assumes
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practically acceptable values (i.e. of the order of 10-3  The oroblem of the interfaces
S cm- 1 ) only around 1000C5. An electrolyte requiring high
temperatures to achieve suitable ionic conductivities Figure 1 shows that the performance of the LPB
clearly limits the application range of the battery, and tends to decay upon cycling since a high fraction of the
many alternative routes are presently being pursued with theoretical capacity is delivered only at the initial cycles
the goal of obtaining mechanically stable polymer after which a consistent decline in capacity occurs. The
membranes having high ionic conductivity at and below phenomenum, although at different extents, is quite
room temperature. The basic structure of the first common to all LPBs and it is still one of the major problems
generation, PEO-based electrolytes and the type of their which affect their development. Kinetic limitations, quite
transport mechanism (which requires high polymer chain likely related to degradation at the electrode interfaces
flexibility to allow fast lithium ion transport4 ,5 ) exclude the resulting from the repeated plating-stripping cycles at the
possibility of combining the two desired properties lithium metal anode and the repeated insertion-
whatever changes are made in the nature of the deinsertion cycles at the composite cathode, may be
components and in their reciprocal compositions. responsible for the effect. This conclusion, which is
Therefore, this class of electrolyte cannot provide high supported by impedance analysis1 0, suggests that the
ionic transport at temperatures much below 100 0C. cycling performance of LPBs may be improved by following
Consequently, alternative structures and configurations two main strategies: (i) by the optimization of the electrolyte
have been considered for the development of 'new configuration and nature, with the aim of reducing the
generation' ionically conducting membranes. Generally, lithium passivation phenomena and (ii) by optimization of
the most successful concept has been that of trapping the cathode morphology and compositon, with the aim of
liquid solutions into polymer cages with an immobilization improving homogeneity among the components. While the
procedure which varies from case to case and whch latter condition may be successfully accomplished by
includes UV crosslinking, and gelification and casting. reducing the particle size of the intercalation compound, by
The transport characteristics of these "wet" polymer determining its most suitable concentration and by the
electrolytes which have been termed as "gel realization of optimized mixing techniques, considerable
electrolytes"6 , "hybrid electrolytes" 7 or, more recently difficulties are still encountered in controlling the
"gelionics"8 , are reported in detail in another paper of response of the lithium electrode: presently the anode-
this Conference 9 . Here it will be only remarked that these electrolyte interface problem constitutes the major
new membranes have conductivities of the order of drawback of LPBs.
10-3 S cm- 1 at room temperature, an electrochemical The lithium metal electrode
stability window exceeding 4.5V, and a lithium ion
transference number averaging around 0.6. Therefore, Low internal resistance and high energy density,
one may conclude that in terms of transport although important properties, are not sufficient to make a
characteristics, progress has been outstanding and that battery successful in practical terms. Also reliability and
today a large variety of ionically conducting membranes safety are crucial requirements. The latter are directly
are available for use as separators in low-resistance, thin- related to the stability of the lithium interface, which in turn
layer lithium batteries. As an example, Figure 1 illustrates is a direct consequence of the interactions of metal with
the room temperature discharge curves of a LPB using a
new generation electrolyte obtained by immobilizing a the electrolyte. Results obtained in our11 , 12 and in other1 3

propylene carbonate-ethylene carbonate, PC-EC, solution laboratories have clearly demonstrated that the lithium
of LiAsF6 in a poly(acrylonitrile) PAN matrix, electrode undergoes serious passivation when in contact

with the new generation, "wet" polymer electrolytes. This is
4.5_ not surprising since these gels contain materials (such as

0.25 rM./'M2 PC) which are very aggressive towards lithium. As well
known, uncontrolled passivation phenomena affect the

4.0 cyclability of the lithium electrode - and thus, of the entire
LPB- and may eventually lead to a serious safety hazard.

Therefore, it appears of paramount importance to
3••.5 -fully control chemical and electrochemical reactions at the

interface, and this requires a clear understanding of the
a nature and the morphology of the passivation film growing

3.0 on the lithium electrode when in contact with P given
100 75 50 10 1 electrolyte. With the aim of achieving this important goal,

we have investigated the impedance response of the
2.5 lithium electrode in contact with a typical example of the

new generation electrolytes, namely a LiCIO4-EC-PC-PAN
membrane, and used the results to develop a model of the

2.0 0 50 1 interface. According to this model which is illustrated in
Figure 2, upon initial contact with the electrolyte lithium

Capacity. ffM/g experiences an initial passivation reaction with the
formation of a compact layer which grows directly on the
metal surface (or on a native film). On prolonged contact
time, the passivation phenomena give rise to an additional,
porous layer, whose nature and morphology probably

FIGURE 1 -Discharge performance of a Li / LiAsF6-EC- depend upon the type of solvent, the type and amount of
PC-PAN/ LiCoO2 battery cycled at room temperature and impurities and upon other unpredictable causes (e.g. direct
at 0.25 mAcm" 2 . The number of cycles is indicated in the reaction with the host polymer and physical separation of
figure. The molar composition of the electrolyte is: 4.7- the anode from the gel electrolyte). As long as this
44.3-39-12. additional layer remains porous, the rise in the interfacial
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sufficient for practical purposes. In fact, for assuring
acceptable applicability, the efficiency should fall between
97 and 99% and, at the present stage of knowledge, it is
difficult to foresee that such efficiency values can be
achieved in the case of PAN-based lithium cells.

12000--=--
N0

1) native and Initial compact layer

,- 000-

4 oo .. ... . .: .. ......... .

VX 02.. ...= ........ ... . .. . .. .....

2) additional porous layer ,--- .... , ,0 200 400 O0 8O0 1000 1200 1400 IS0

Time, hours

FIGURE 3 -Time evolution of the interfacial resistance, Ri,
3) final compact layer of the lithium electrode in base electrolyte (--o--) and in

zeolite-added (--e--)LiCIO4-EC-PC-PAN electrolyte
(Room temperature).

In conclusion, concern should be taken whenFIGURE 2- Model of the passivation occuring at the lithium proposing new electrolytes for applications in
electrode-PAN-based electrolyte interface. electrochemical devices. If the envised application is in

lithium batteries, beside transport properties, electrode
compatibility should additionally be chosen among the
most crucial requisites. From the results discussed here,resistance is not greatly reduced; however, with extended there are indications that the PAN-based electrolytes, and

contact time, the layer becomes progressively deniser to quite likely the majority of the wet polymer electrolytes
finally collapse on the electrode interface, with a which generally contain aggressive liquid components, do
consequent sharp rise in the interfacial resistance. not fulfill the requirements for applications such as long-
Therefore, the model of Figure 2 suggests that is the life, rechargeable lithium metal batteries. If one wants to
second thick layer the one which mostly affects the lithium successfully exploit the outstanding transport properties
electrode performTance and hence, that studies should be of these electrolytes, some interfacial-stabilizing additives
directed to inhibit its formation and growth. One approach should be added or new configurations be developed
in this direction is the selection of electrolytes based on where any contact with the lithium metal is avoided. The
components which are expected to be the less agoressive latter solution can be achieved in 'rocking-chaire cells
towards the lithium metal. A second approach is the where the lithium metal electrode is replaced by a lithium
addition to the electrolyte of materials which may act as ion source electrode. The validity of this concept is
impurity-getters, namely of substances capable of trapping confirmed by the present trend in reserearch and
the impurities so preventing their flow to the interface, developments of LPBs.
Ceramic fillers, like y-lithium alluminate or zeolites, are
expected 14 -1 6 to satisfactorily fulfill this action. These Rocking chair LPBs
expectations are confirmed by practical results, and in fact
addition of zeolites to the PAN EC/PC LiClO4 electrolyte As well known, the most common configuration of
considerably alleviates the passivation of the lithium rocking chair batteries uses lithiated carbon LixC6 as the
electrode as shown in Figure 3 which compares the trend negative electrode, a lithium metal oxide LiMO2 (M--Co, Ni)
of the interfacial resistance of a Li electrode in contact with or LiMn20 4 as the positive electrode and liquid organic
the base electrolyte and with the electrolyte with added solutions as the electrolyte 17 -19 - Due to the high oxidizing
zeolite. character of the selected LiMO2 cathode, these batteries

The beneficial effect of the ceramic fillers on the may suffer from solvent decomposition upon cycling.
response of the interface is further confirmed by the Therefore, the replacement of the liquid electrolyte with a
induced improvements in the lithium cycling efficiency solid, thin-layer, Li-ion conducting membrane would be
which increases from 72 % in plain PAN, EC/PC LiCIO4 highly beneficial in terms of performance, especially if this
electrolyte to a value of 85% for a cell using a composite membra- is a high ionic conductivity and a wide
(PAN EC/PC LiCIO 4 +10 weight percent zeolites) electroc 1 stability window. The gel-type polymer
electrolyte. Further improvements can also be obtained electroly 3em to fulfill these conditions and thus, they
when substituting poly(acrylonitrile) with poly (methyl appear to u quite compatible with the use of LixC6/
methacrylate) as the polymer component 9 . However, LiMO2 couples, as indeed, practically demonstrated in
although encouraging, these improvements are still not our and in other laboratories 13 .
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However, one should be aware that LixC6 lithiated
carbon coke, although being the most popular rocking
chair anode, suffers from some drawbacks, the most -*-charges--a,.--discharge--x

serious being the voltage excursion upon charge (Li+ * 2

uptake)- and discharge (Li+ release) which may extend =
up to 1.5V upon the exchange of the total removable 0

lithium (0<x<0.5) 1 9 . This can be an undesired
performance especially if the cells are directed to the C
electronic market where voltage stability is often a priority . 1
requirement. Consequently, other intercalation 0
compounds, having better voltage regulation than carbon >
coke, should be considered.

Large variation in potential with concentration are
generally related to large changes in the electrochemical 0_1 . ._._....... .. ,, . ._._....
potential of the electroactive species 2 0 . In the case of 0 5 1 0 1 5 20 25

LixC6 one may assume that changes in the chemical and rime, hours
the electrochemicai potential of the Li+ ions are
associated with interactions between these ions and the FIGURE 4-Typical charge-discharge cycle at 25 OC of the
host structure which may be basically described in terms of LixTiS2 / LiCIO4/-EC-PC-PAN / Li(1.x)CoO2 thin-layer,
disorded, randomly packed graphite units2 1 . rocking-chair LPB. Cycling current density: 0.02 mAcm-2 .

As alternatives to LixC6 based on carbon-coke one
may then consider such materials as pure graphite and/or
open-structured compounds offering expectations of weak Acknowldments
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In conclusion, the results reported here, although in 16) S.Slane and M.Salomon (1994), in course of publication.
a preliminary stage, confirm that the rocking chair concept 17) T.Nagura and K.Tazawa (1990), Pr.ti
is quite applicable for the development of reliable and SgoQlarkl9(1990) p. 203.
versatile LPBs. The performance of the example discussed 18) B.Scrosati (1992), J. Electrochem.Soc.. 139 p.2776.
in this work and those of other types currently under test in 19) J.M.Tarascon and D.Guyomard (1992), J.Electrocham. Soc..139

other laboratories 1 3,19, concur that this concept may p. 937.
ultimately be the winning one in assuring widespread 20) H.Gerischer, F.Decker and B.Scrosati (1994),.comimateralyzathewio nin g ofe LPs assJ.Electrochem.Soc., in press
commercialization of LPBs. 21) R.W.Ruland (1965), Acta.Cst.,18 p.992.

22) S.M. Whittingham, Progress in Solid State
Chem.(1978), 41.
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DEVELOPMENT OF CARBON ANODE FOR RECHARGEABLE

LITHIUM CELLS

C.-K. Huang, S. Surampudi, G. Halpert

Jet Propulsion Laboratory
California Institute of Technology

48W Oak Grove Drive
Pasadena, California 91109

•DDI.1.] •QN 30, 50 and 70 (These electrolytes will be abbreviated as
WQCZ.Q)), (5) 1.OM LiPF6 in (x% EC + (100-x)% DEC),

Conventionally, rechargeable lithium cells employ a pure lithium where x = 10, 30, 50 and 70 (These electrolytes will be abbreviated
anode. To overcome problems associated with the pure lithium as PDE I)., and (6) 1.OM LiAsF6 in (33.3% EC + 33.3% 2-
electrode, it has been proposed to replace the conventional electrode MeTHF + 33.4% DEC) with or without the addition of 2.5% 2-
with an alternate material having a greater stability with respect to the Methyl furan [2-MeF] (These electrolytes will be abbreviated as
cell electrolytes. For this reason, several graphitic and coke based S&IQM and S(M+22Mcr.). The experimental cells were evaluated
carbonaceous materials were evaluated as candidate anode for charge/discharge characteristics, faradaic utilization of the carbon
malffials(1). Graphitic carbons were found to exhibit higher active material, rate capability and cycle life. Constant current was
reversible lithium capacity compared to the coke based materials. At used for charging and discharging the cells. Experiments were
JPL, Ethylene Propylene Diene Monomer (EPDM) was selected as a conducted in an oxygen and moisture free dry box.

suitable binder material for the fabrication of carbon electrodes(2).
The results of the electrode fabrication studies indicated that the RESULTS & DISCUSSIONS
amount of binder required for a carbon material is dependent on its
surface area. Excessive amounts of binder were found to reduce the (A) Electrochemical Intercalation Techniques: Once a
reversible lithium capacity and also the rate capability of the suitable carbon electrode is formed, difficulties arise in incorporating
electrode. JPL has developed a two step procedure for the formation lithium ions into the carbon anode. To incorporate lithium ion, a
of LixC electrode(3). This process involves the intercalation of carbon electrode is typically immersed within an electrolyte bath with
lithium into carbon in two different steps. Electrodes prepared by a lithium ion source which may be a lithium-containing electrode
this method exhibited higher reversible Li capacity compared to those such as a piece of lithium metal, lithiated titanium disulfide TiS 2, or
prepared by the single step process. Lithium capacity and lithiated cobalt oxide, etc.. A current is then applied between the
reversibility of the carbon electrodes were also found to be lithium source and carbon electrodes. Two electrochemical
significantly dependent on the nature of the electrolyte and its intercalation methods have been developed. The first of these is an
cornposition(4). In this paper, we summarized the results of the intermittent discharge method. The initial application of current
studies on Li-ion cell development, causes a portion of the lithium ions to react with carbon atoms on the

surface of the carbon electrode, without any intercalation. Because
the voltage (v.s. Li) of the carbon electrode drops to near 0 volts, it

Smay appear that the electrode is no longer usefui. TUhe current is then
deactivated and reapplied several times. Each subsequent re-

The electrochemical performance of the graphite material was application of current causes a greater reaction with lithium ions and
investigated using half cells employing Li as the negative electrode ultimately results in reversible intercalation (Figure 1). The second
and carbon as the positive electrode. Both nickel and copper grid can method involves application of current in two stages wherein the
be used as current collector and substrate for the carbon electrode, second current level is substantially lower than the first current level.
Carbon electrodes were made by pressing and then formed by However, the second current is applied only once and results in
electrochemical intercalation with Li. The pressing technique was substantial intercalation of lithium ions. In the first method, four or
found suitable for the electrode fabrication. Ethylene propylene diene more steps are required to achieve substantially full intercalation. In
monomer (EPDM) was used as a binder. All electrodes were the two stage method, substantially full intercalation is achieved in
prepared by mixing the carbon powder with a solution of EPDM two stages. Figs. 2 illustrate a second method in which one current
binder in cyclohexane until a uniform slurry was obtained. The is used for an initial discharge stage and then a lower current is used
slurry was spread on both sides of the grid to form the electrodes, for subsequent discharge stages. The processes for the step one
Then, the carbow/EPDM coating is dried by allowing the cyclohexane discharge were studied by complex impedance measurements using
to evaporate. As a final step , both sides of the grid were pressed three electrodes at different stages during the step one discharge. The
between a pair of stainless steel plates, to a pressure of about 450 results ar given in Figure 3. At stage one, we found one semi-circle
Ibs¶n2. Typically, electrodes were coated with 10 - 15 mg of carbon & a straight (capacitor) line that reflects the initial film from the
per cm2, and were 10-15 mil thick. Electrochemical cells were binder or other impurities. Ultimately, we found two semi-circles
constructed using these electrodes, lithium foil (Foote Mineral which reflects the formation of a new film (Figure 3). These results
Corp.), porous polypropylene separators (Celgard no. 2400), and indicated that all the Li transferred during the step one discharge
selected electrolytes. results in a stable film with no interealat;on. Therefore the step one

discharge is irreversible. The chemistry of the film was examined by
Mixed (by volume ratio) solvent electrolytes containing ethers mw EDX at four conditions including (1) Fresh carbon electrode, (2)
carbonates were chosen for this study. Lithium hexafluoroarsenate Fresh carbon electrode dipped in the electrolytes (1.5 M LiAsF6 in
(LiAsF6) and Lithium hexafluorophosphate (LiPF6) were used as 10% EC + 90% 2-MeTHF) and then washed by using pure solvent
electrolyte salts. Specifically, six different groups of electrolytes (2-MeTHF) to clean up the residual salts, (3) Cycled carbon
were studied: (1) 1.5M LiAsF6 in {x% Ethylene carbonate [EB] + electrodes, and (4) Cycled carbon electrode then washed by pure
(100-x)% 2-Methyl tetrahydrofuran [2-MeTHFJ), where x = 10, 50 solvent, The most important finding is that the film contains oxygen
and 70 ('these electrolytes will be abbreviated as S.), (Figure 4).
(2) 1.OM LiAsF6 in ((70% EC + 30% Dimethoxy ethane (DME)),
this electrolyte will be abbreviated as SEMECH7 & 1.0M LipF6 (B) Binder Effect: For ambient temperature fabrication of carbon
in (70% EC + 30% DME), and this electrolyte will be abbreviated as electrode, a binder material must be provided to hold the carbon
S(3) 1.OM LiAsF6 in (70% EC + 30% Dimethyl particles togethem However, if too much binder is provided with the
carbonate (DMC)), this electrolyte will be abbreviated as paphitic carbon, low specific energy, poor rate capability and
SEDMCt2% and 1.OM LiPF6 in (70% EC + 30% DMC), this inadequate lithium reaction occurs. Conversely, if an insufficient
electrolyte will be abbreviated as PEDMC(D). (4) L.OM LiAsF6 amount of binder is provided, the graphitic carbon particles tend to
in (x% EC + (100-x)% Diethyl carbonate [DEC]), where x = 10, disperse or dissolve within the electrolyte bath. In Fig. 5, voltage is
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charted as a function of the value of x in LiXC for 0.5%, 1% and 3% percentage (70%) of EC used, which, in turn, increased the
EPDM compositions to illustrates the effect of the amount of EPDM electrolyte viscosity.
binder on the reaction of lithium-ions with graphitic carbon. The
discharge curves were obtained using the first stage of a two stage (3) The discharge curves (Figure 7) of Li/LixC cells containing
technique. A relatively low current level of 0.188 mA/cm2 was used SEDEC electrolytes reveal a high peak voltage (1.2 V vs. Li) which
for the discharge of the 3% EPDM carbon electrode. These results may be an effect of the LiAsF6 salt. This peak voltage decreases
illustrate that even at the relatively low current, very little lithium ion slightly with increase in the EC content in the electrolyte. The cells
reaction was achieved for a 3% EPDM composition. Nevertheless, activated with electrolytes containing more EC exhibited higher
even with 2% EPDM, very little intercalation was found to occur. voltage discharge profiles under the same discharge current density.
Fig. 6 illustrates electrochemical intercalation and deintercalation The higher voltages may be explained by increase in the practical
curves for lithium into and out of a graphitic carbon having a 0.5% surface area of the carbon electrodes which, in turn, is probably due
EPDM composition. to the EC solvent co-intercalation into the carbon particles. The

increased Li capacity of the first step discharge is mostly used for the
Although I% EPDM can be used to achieve a reversible cell, I% is formation of a protective film on the carbon to cover the increased
not an optimal EPDM binder percentage. The use of a 0.5%, by surface area. The Li capacity used for film formation is actually a
weight, EPDM binder allows for adequate cohesion of the graphitic waste of Li and electrolyte. For all the four combination of EC in the
carbon particles while also allowing for an effective subsequent SEDEC group, the reversible Li capacity is in the range of 0.12 Li/C.
intercalation of lithium ions into the carbon. Although a composition However, the irreversible Li consumption increases sharply as the
of 0.5% EPDM is optimal, a composition of up to 1% EPDM may EC amount in the electrolyte increases to above 30% (Figure 9).
also be effective for binding the carbon. In general, the most effective
percentage of EPDM depends on the total surface area of the (4) Figure 8 exhibits the first step discharge of half cells containing
graphitic carbon. Table I provides rate capability information for a PEDEC with various amount of EC. The discharge Li capacity in the
lithium cell incorporating a 0.5% EPDM/carbon-based electrode. In Li/C Cells containing PEDEC electrolytes had a similar trend as cells
a 1 ampere-hour cell, a C/20 discharge rate and a C/3 charge rate is containing SEDEC electrolytes. However, the peak voltage of these
achieved while maintaining a capacity greater than 200mAh/gm. cells was lower (0.6 - 0.7 Volts vs. Li). For cells containing PEDEC
These results verify that a graphitic carbon electrode having a 99.5% electrolytes, the reversible Li capacity was in the range of 0.13 Li/C.
carbon and 0.5% EPDM binder composition is an effective Figure 9 shows that the irreversible Li consumption increases sharply
composition for use as a carbon/lithium-ion electrode in a lithium as the EC amount increases, and eventually reaches a state of having
cell. The EPDM percentage of 0.5% is effective for use with most more irreversible capacity than reversible capacity for PEDEC(70%).
commercial grades of graphitic carbon. Other percentages within the Therefore, the optimum EC amount in PEDEC electrolyte used in
rage of 0.5% - 1.0% may also be effective. However, as noted rechargeable Li cells with a LixC anode is between 30 and 50%.
above, the optimal EPDM percentage depends upon the surface area
of the graphitic carbon. (5) Li/C cells containing S(1/3) and S(l/3+2-MeF) electrolytes

delivered about the same amount of total discharge capacity (0.19
(C) Evaluation of carbon materials: The carbon materials that Li/C). However, the cells having 2-MeF in the electrolyte showed
had been evaluated include: pitch coke material, the same type of slightly less charge capacity (0.075 Li/C) than those not containing 2-
petroleum coke materials with different particle size, PAN carbon MeF (0.08 Li/C).
fiber, and graphite materials. The coke materials that we have
evaluated showed a typical powder x-ray diffraction pattern of broad Experimental results obtained so far indicate that increase of ethylene
peaks compared to the sharp and narrow peaks for graphite materials. carbonate (EC) was found to improve the rate capability of the cells.
Two step Li reaction of pitch coke material with initially high current, However, the increase in EC content was also found to increase the
followed by a low current Li intercalation, showed about 50 % of Li amount of electrolyte decomposition. The electrolytes containing EC
capacity to be reversible. For petroleum coke materials, we and diethyl carbonate (DEC) with lithium hexafluorophosphate
examined the Li reversible capacity (by IV cut off) of the same (LiPF6) salt were found to be promising for Li ion cells.
petroleum coke materials but with different particle size.
Experimental results showed that the reversible Li capacity is about (E) Lithium-ion Cell Development:
the same (0.06 Li per carbon) for both petroleum coke materials
having different particle size. The major difference is that the (a)l~xi £M )2.. : Experimental LixCMICoO 2 cells were
irreversible Li capacity is much larger for the small particle size coke fabricated and the cycle testing of these cells is in progress (Figure
materials. These indicated that the surface of carbon material plays 10) PEDEC electrolyte was selected as the candidate electrolyte for
an important role in the electrochemical intercalation process. Also, t0). PEhEs l e lls Alected as ne grids were fea
the reversible Li capacity in the PAN-based carbon fiber material was these in-house Li-ion cells. Aluminum and nickel grids were used as
evaluated. The results indicated that about 0.1 Li per carbon can be the current collectors for the LiCoO2 cathode and graphitic carbon
reversibly cycled at a slow charge and discharge rate. For the case of anode respectively. The cells so far have completed 19 cycles and
graphite material, 0.124 Li per carbon can be reversibly cycled after a have no noticeable loss in discharge capacity.
two step Li reaction. To make a comparison, reversible Li capacity of (b) LiQC/ijTiS2 system: Although the LixCI.ixTiS2 cell has lower
different types of carbon materials is summarized in Table II. voltage than the Li C/LCoO2 cell. it may have comparable specific

(D) Type of electrolyte and its composition: Seventeen energy because LiUTiS2 has higher specific lithium capacity than
different mixed solvent electrolytes containing ethers and carbonates LiCoO 2. Earlier work at JPL showed that the Li metal-TiS 2 cell was
were evaluated as candidate electrolytes for Li-ion cells. The results attractive in terms of specific energy and reversibility. However,
obtained to date indicate that the electrochemical performance of the some difficulties were encountered during the fabrication of
carbon material identified is dependent significantly on the nature of LixC/LixTiS2 cells. This comes from the intrinsic problems in the
the electrolyte employed. The experimental results of Li/C cells areas of: (a) instability of lithiated TiS2 and lithiated carbon materials
containing various electrolytes are summarized below: in the dry room environment, (b) salt precipitation on the electrode

surface during the drying process after the preparation of lithiated
(1) The reversible Li capacity for the cells containing SE2MeTHF carbon and lithiated TiS2 electrode, and (c) difficulty in cell
electrolyte having various amount of EC was approximately 0.12 fabrication. The difficulty of LixCMixTiS 2 cell fabrication is due to
Li/C. However, the irreversible Li capacity increases sharply with the complicated handling procedures involving initial preparation of
increase in the amount of EC. These results indicate increased active materials (lithiated TiS2 or lithiated carbon) in one cell and then
electrolyte decomposition in electrolytes containing higher levels EC. transfer of one of these to the final cell. For these reasons, the work

(2) The interfacial resistivity was very high for cells containing on LiCtLi.TiS2 cell fabrication was temporarily postponed.

PEDME, SEDME, PEDMC and SEDMC electrolytes. Due to the
high resistivity, these cells were not able to be cycled. Detailed
analysis of these cells revealed that the separator used (Celgard 2400) SUMMA
was not wet. The dry condition may have been caused by the high
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This study includes fabrication steps for forming a carbon electrode TABLE IL The Cgomnerisn of Reversible Li Capacity of
composed of graphitic carbon particles adhered by an ethylene Carbon M4*r-*W EvalmMed
propylene diene monomer binder. An effective binder composition is
determined for achieving a carbon electrode capable of subsequent
intercalation by lithium ions. Two differing multi-stage intercalation (1) PITCH COKE: 0.070 Li PER CARBON
processes are proposed. In the first, a fixed current is repetitively
applied. In the second, a high current is initially applied, followed (2) PETROLEUM COKE: 0.057-0.077 Li PER CARBON
by a single subsequent lower current stage. Resulting
carbon/lithium-ion electrodes are well suited for use as an anode in a (3) PAN FIBER: 0.097 Li PER CARBON
reversible, ambient temperature, lithium cell. In addition, the
electrochemical intercalation of lithium into carbon was also (4) GRAPHITE: 0.124 Li PER CARBON
investigated in several mixed solvent electrolytes containing ethers
and carbonate. The results obtained to date indicate that electrolyte 1900
decomposition occurs at the carbon electrode surface during the initial . lo It o2 mf
stages of the discharge process. The extent of decomposition was 1700'
found to be significantly dependent on the electrolyte composition. r i0/

Electrolytes containing higher percentages of EC showed improved

rate capability, but also, more electrolyte decomposition. 1300'
Electrochemical performance of the carbon electrodes is closely E

related with the type of electrolytes used. Some carbon and • 11004
electrolyte combinations may yield reversible Li capacity of more 900 3
than 300 mAh/gm. However, these electrodes can not be practically 3rd
used as anode material for rechargeable Li cells if the irreversible Li 700'
capacity is too large. > 500

300 4th
2nd

The work described here was carried out at Jet Propulsion 100
Laboratory, California Institute of Technology, under contract with .100 1
the National Aeronautics and Space Administration. 0.00 0.01 0.02 0.03 0.04

x in LUG
Figure 1. The Improved discharge performance of U Intercalating Into

carbon using Intermittent discharge technique.
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TABLE 1. Rate Capability of Li out (C and Li in (D) in LixC x in LixC

SFigure 2. Electrochemical intercalation of U into graphite by two-stage method.

CURRENT (mA) CAPACITY (mAh) 2.5,
--................................................................................ C W orkingn Electrode

D 26 783 a U Counter Electrode
C 50 789 2.0- 0 Li Reference Electrode

D 26 791
C 100 763 1.5

D 50 728 2 ,
C 50 741 1.0.

D 50 734 , 3
C 100 716 0.5a %

D _50 -- ------- -------------- ---714 ------- sN
C 200 697 0.0

D 50 710 z,
C 300 670 Figure 3. AC measurement of LiiC cell at different stages

during first discharge of the two-step intercalation
* CAPACITY: > 200 mAh/gm at 1 mA/cm2. technique.
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DEVELOPMENT OF A HIGH ENERGY DENSITY RECHARGEABLE
LITHIUM-ION CELL TECHNOLOGY

Walter Ebner, David Fouchard, Like XIe and Sdi Megahed
Rayovac Corporation, Madison, WI

Abstract

Lithium-ion cells are attractive for many consumer and Our baseline technology employs a petroleum coke
military applications. However, to achieve the performance anode combined with either a 1.0M LUN(CF 3SO2)2-PC-DME
goals for Naval applications, high capacity anode materials (50:50) (coin cells only) or 1.0M LiPF&PC-DME (50:50)
are needed that can boost specific energy beyond present electrolyte solution. This technology has been found to offer
levels. Graphitic carbons offer twice the theoretical capacity excellent performance characteristics(I).
of petroleum coke and, thus, represent attractive second
generation anode materials. The feasibility of using The main deficiencies of the LiNiO 2/petroleum coke
graphitic carbon anode materials has been demonstrated in system are capacity and specific energy. A key
AA-cells where a 48 percent increase in capacity was performance goal for the prismatic cell technology is to
achieved at low discharge rates. However, the rate achieve a specific energy of >115 Whikg in the 200 Ah cell
capabilities of these cells were poor compared to cells with and projections made using a computer model indicated
petroleum coke anodes. This paper discusses work in that it would be very difficult to realize that goal using the
progress to improve the rate capabilities of graphitic carbon baseline technology (Figure 1). To boost specific energy,
anode materials considering both the type of graphitic we are pursuing the development of altemate, high
carbon and the effects of the electrolyte solution. capacity carbon anode materials. The projections shown in

Figure 1 indicate that a specific capacity of 320 mAh/g will
Int duction be sufficient to meet the specific energy goal.

Lithium-ion batteries represent an exciting new 16o - .... .......... ................ ............... ... ........... .................... .
technology that offers much promise for a wide range of no "ytiC P SW U 0h/g
applications and markets. These batteries offer a high level 140 ......... ........ ............
of safety combined with long cycle life, good rate .. _....___

capabilities and low temperature performance, and energy O 120re2
densities that surpass all traditional rechargeable battery 'sYWIGO.I
technologies. Sony and Toshiba have already introduced
lithium-ion batteries into the U.S. consumer market for . 0
camcorders and portable computers, respectively, and NPIumCoeý 186 mi/
more batteries by these and other manufacturers are 80- -- -------------
expected to follow later this year. 0 5o 100 0SO 200 250 300

Lithium-ion batteries also offer much promise for military Cell Cawity: Ah

applications and at Rayovac we are pioneering their Figure 1. Specific Energy Projecions ror PAsnabC LiTiOCwb

development under contracts to both ARL and NSWC. Liiurm-lon Cells as a Function of Carbon Type and Cell Size.

This paper describes work being done under our NSWC Based on these projections, we are pursuing the
contract directed at developing a prismatic lithium-ion cell development of graphitic carbon anode materials for the
technology to power auxiliary equipment on underwater prismatic cell technology which offer a theoretical capacity
vehicles. In the present program, we are developing an 8 of 372 mAh/g. This paper discusses the progress to date in
Ah cell to demonstrate the feasibility of the lithium-ion implementing a graphitic carbon. Although our
technology. Subsequent phases of the program will investigations are not complete, we have substantially
incrementally scale-up the technology to a 200 Ah cell increased our understanding of the behavior and
which will be the building block for battery development, characteristics of graphitic carbons for use as anode
The final battery would incorporate 24 cells configured in a materials in lithium-ion cells.
series-parallel arrangement yielding a 24V, 14KWh battery.

Results and Discussion
Our present development efforts are directed at the

LiNiO 2/carbon system. LiNiO 2 was selected over LiCoO 2  Our initial evaluations of graphitic carbons employed
because its lower operating voltage offers many Lonza KS synthetic graphites. These materials are readily
advantages which more than offset the reduction in energy available commercially at low cost and have been shown to
density and specific energy. These advantages include give reasonably good performance as a lithium intercalation
better high temperature stability, lower self-discharge rates, electrode(2). Electrolyte solutions were EC-based since
better safety characteristics during overcharge, and the use they have been reported to give good reversibility with
of a wider range of electrolyte solutions. The latter graphitic carbons(3).
consideration is especially important to achieve the rate
capabilities and low temperature performance needed for Figure 2 compares AA-call capacity as a function of ratemilitary applications. For example, OME-based solutions, capabilities for a Lonza KS-i15 graphite anode versus a
miitaoffer good rate capabilities and low temperature petroleum coke anode. At low current densities, the cellwhich offermance, rate usedbwities and low with with the graphite anode performed quite well, delivering a
performance, can be used with LiNi 2 but not with LiCoO 2. capacity of 620 mAh versus 420 mAh for the petroleum
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coke cell. This represents a 48 percent capacity Table 1. Summary of Gr-phitic Carbons Evaluated for Use as

improvement. Under these conditions, the graphite anode Lithium-Ion Anode Materials

delivered a specific capacity of 356 mAh/g, very close to
the theoretical 372 mAh/g for graphite. At higher current Geupuscaro d) L TnmoDsm* Smom.Is

densities, however, the capacity of the graphite cell E_ ( ik

dropped off much more rapidly than the petroleum coke KS-Sptac 3.34 >1.000 2.26 10.0

cell. At 5 mA/cm 2 and beyond, the petroleum coke cell SFG-6 tc 334 >1,000 2.26 15.2

actually yielded higher capacities. - ____

SFG-44 Syntwec 334 <2,000 2.26 4.2

600 .. .... . SFG-75 3.34 >2,000 2.26 3.5

........ .... . IBANaura 334 >2,000 - -

400 - -- .. EC-10 .. so.rop-c ----- 9530 0 ......... . -. = ......... ......... . ..... ..............4 ............ . .... ...... 40 N tu

0 '•'= ijWu•=,'=, i
0.1 10 11 "K•

Figure 2. Disclwe Ra Capilky AAw o U.C.e lb mS d

a Loma KS-S 1eqlil Aao• Vwia Pa lmim O,4u Anmde
These initial investigations showed that graphitic Gr 20

carbons were indeed viable anode materials far lithium-ion ,
cells and coukd realize the significant gains in capacity •, 100-

projected for them. However, the results also showed that0
significant improvements in rate capabilities were needed IDA sR- EC-11o sPG-44 KS-,4 FPA-,05 SIm-6
before these gains could be achieved at practical current om• Type
densities. Therefore, increasing the rate capabilities of cells Figure 3. Specific Reversible and Irreversible Capacities
employing graphitic carbon anode materials has become a for Various Graphitic Carbons
major focus of our work, To accomplish this, we m2garinctetogvthbstvrllpfrac,
investigated two approaches: the use alternate graphitic m2garinctetoivthbstvrllpfrac,
carbons and the use alternate electrolyte solutions, considering reversible and irreversible capacities.

Alternate Graphitic Carbons Rate capabilities for some of the graphites were
- determined using stepwise intercalation/deintercalation

There are a wide range of graphitic carbons tests and then fitting the capacity versus current density
commercially available and it was of interest to determine results to an empirical equation, derived by Selim and
how they compared as intercalation anode materials. Bro(4), using a nonlinear curve fitting technique. We have
Investigations were therefore undertaken to determine the found this to be an excellent method for evaluating rate
specific capacities, irreversible capacities, and rate capabilities in both half-cells and full lithium-ion cells(.l).
capabilities for a variety of graphitic carbons. We also The curve fitting process gives best fit values for three
wanted to try to correlate performance with physical empirical parameters, Qo, R, and A which provide a
properties of the graphite in an effort to determine the most quantitative measure of rate capability. R is of particular
important properties. These could then be used to select interest because it provides an estimate of the maximum
other candidate materials and, ultimately, to engineer new practical current density for a given cell design or electrode
high capacity carbons. configuration. Thus, cells should be designed to operate at

current densities _<R to ensure efficient operation.
Table 1 summarizes the graphitic carbons evaluated

along with their known physical properties. Figure 3 Table 2 compares fitted parameters from the Selim-Bro
compares the reversible and irreversible capacities Equation for petroleum coke versus two graphitic carbons.
measured for each carbon in lithium coin half-cell tests at For all three carbons tested, the intercalation R-values
0.1 mA/cm2. The highest reversible capacity was achieved were much smaller than the deintercalation R-values. We
with the IBA natural graphite followed by SFG-75. These attribute this to the effects of ion desolvation during the
results indicate that large Lc values may be beneficial to intercalation process. Significantly, the intercalation rates in
performance. Comparing the results for SFG-6 with those graphite are indicated to be much lower than in petroleum
for SFG-75, it appears that increased surface area coke. The deintercalation rate capabilities, as given by the
decreases reversible capacity and increases irreversible R-values, are all indicted to be of similar magnitude. These
capacity, results, therefore, indicate that graphitic carbons offer

discharge rate capabilities similar to those of petroleum
coke.

Based on these results, graphitic carbons having high
Lc values (e.g. >2,000 A) and low surface areas (e.g. < 5
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Table 2. Fitted Parameters from fte Selion-Bro Equation Defining Me with graphitic carbon anodes and, at the same time, oafrtRate Capabilities of Petroleum Coke Versus Two Graphitic the oxidative stability needed for the high potential cathodeCarbons. materials used in lithium-ion cells

,, hIntgrcaldofl 1 DOlncatldn - Altsmate Electrolyte Solution.
Os R Q Rcarbon (mn)ft (wvk A (h (*Wm,) A To date, EC-based solutions are the only solutionsPetroleum 241 1.24 1.46 234 9.54 0.53 known to work reversibly with graphitic carbons. The most

Coke widely used solutions employ mixtures of EC with DMCSumitomo 365 043 0.86 336 11.26 0.58 (5,6) or DEC (6), although EC can be used alone.FPAt405 However, to improve the rate capabilities of lithium-ion cellsNatural employing graphitic carbon anodes, other solutions must be
EC-1it 400 0.44 0.91 36 10.86 identified. To accomplish this, we must first understandECt110 40 0what solvent qualities are needed to achieve reversible
Graphite performance with graphitic carbons and then use thatElectrolyte Solutions Used: information to engineer higher performance solutions.

Petroleum Coke: 1.OM LiN(CF 3SO) 2FPC-DME (50:50)
Graphites: 1.0M UPFWEC-DEC (50:50) As a first step in the learning process, we have

conducted low rate intercalation/deintercalation cycle testsThe lower rate capabilities observed in the AA-cell tests of KS-44 synthetic graphite in a variety of single and mixed
with graphitic carbon anodes are, therefore, attributed to solvents. These tests employed lithium coin half-cells.
solution properties rather than to the graphite anodes. As
shown in Table 3, the EC-based solutions required for use Figure 5 shows the reversible and irreversible capacity
with graphitic carbons are considerably less conductive and observed with each solvent. Both EC and DMC yielded
more viscous than the PC-DME solution used with high reversible capacities but accompanied by high
petroleum coke. Reduction in rate capabilities by the EC- irreversible capacities as well. DEC, on the other hand,
based solutions was confirmed in AA-cefl tests using exhibited very poor performance, with virtually no reversible
petroleum coke anodes with a 1 .OM LiPF6/PC-DME versus capacity. The ethers, DME and 1,3-dioxolane, gave poor
a 1.OM LiPF 6IEC-DEC solution. The results, shown in performance. PC gave the worst performance, exhibiting a
Figure 4, clearly show lower rate capabilities for the EC- specific irreversible capacity of 1030 mAh/g and no
DEC solution. The fitted R-value from the Selim-Bro reversible capacity.
equation was reduced by 44 percent (e.g. 1.89 versus 3.39 200 0 C.",1,'•
mA/cm2 for the PC-DME solution). all alm,

Table 3. Physical Properties of Key PC- and EC-Based Electrolyte
Solutions at 25°C.

Conductivity Viscosity
Electrolyte Solution (mS/cm) (cP)

1.OM LiPF6/PC-DME (50:50) 14.3 2.62 I.N
1,0M LiPF,/EC-DMC (50:50) 10.9 3.34
1.0M LiPF6/EC-DEC (50:50) 7.8 4.71 0 oME DEC PEC DMC i 3-DioxD] EC P

Solvent
400-400- 1.0 M UPF -DM]E (50:50) Figure 5. Specific Reversible mad Irreversible Capacities for Lonu KS-44

1.0 LAPFW-DE (5:50)Graphite with Various Single-Solvent Electrolyte Solutions.
300 ~ ~ 1. ...... E -E (5:0................. i *i . ..... .............

Figure 6 shows results for mixed solvents. As expected,
200 . .... .. . ...... the best results were achieved with EC-DMC and EC-DEC.

All other solvent mixtures gave poor performance.
e100 Temperature: Ambient .............

•- Discharge Cutoff: 2.0 V me []D-* a4UAA, W, mW
isCharge Conditions: 4.0 V Constan Potential Charge QAt v,-.v

1 1000 VBOV h3Me zm

0.01 0.1 0 10
Dischawge Current Density: mA/ac

Figure 4. LiNiO1 /Petroleum Coke AA-Cell Discharge Rate Capability
Comparison Showing Pexfonnmtce for a EC-DEC Electrolyte
Solution Versus a PC-DME Solution.

Based on these results, it appears that the type of 0-
graphite has little impact on the discharge rate capabilities EC-DEC EC-DmC EC-pC -DME PC-OME
of lithium-ion cells. Instead, solution properties are Mixed Solvent
indicated to be the dominating factor. Thus, to improve Figure 6. Specific Reversible ad Irreversible Capacities for Lenzs KS-44
discharge rate capabilities, alternate high conductivity Gra•hite with Vario Mixed-Solvent Electrolyte Solutions.
electrolyte solutions are needed that can work reversibly It is believed that the reason that most solvents do not

work with graphitic carbons is that they are cointercalated
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along with the lithium ions. This solvent cointercalation reversible capacity and minimize irreversible capacity and
resuilts in extensive exfoliation of the graphite which the best overall performance has been achieved with
continually exposes fresh surfaces that can react with the graphites having large Lc values and low surface areas.
electrolyte solution. Furthermore, it is believed that the
cointercalated solvent molecules undergo reductive Initial half-cell investigations of KS-44 synthetic graphite
decomposition producing gaseous byproducts that can with a variety of single and mixed solvent electrolyte
further exfoliate the graphite. solutions have been used to develop a better

understanding of the types of solvents that are suitable for
To achieve reversible operation, it is essential that the use with graphitic carbons. These results will now be used

protective film that forms on the surface of the carbon to select additional solvents and solvent types for
during the first charge (SEI layer) be completely formed evaluation and to guide future experimentation.
prior to the onset of intercalation. We aiso believe it
important that the SEI layer be highly inorganic in nature. Through development of improved electrolyte solutions

Evidently, EC is able to form a compact film very rapidly at and selection of graphitic carbons with optimized physical
potentials of about 1.OV or more positive to lithium, properties, we are confident that a LiNiO 2/graphite

prismatic cell technology can be achieved that will meet or
Although the results to date are limited, they do provide exceed all performance requirements for Naval

some insight into the types of solvents that are suitable for applications.
use with graphitic ca bons. For example: ACKNOWLEDGMENTS

- DMC has been shown to yield high reversible capacities
with graphitic carbons. To date, EC and DMC are the The authors gratefully acknowledge the Office of Naval

only solvents identified that can be used as primary Technology under the High Energy Battery Project (Naval

solvents with graphitic carbons. Surface Warfare Center, White Oak) for their support of this
- Molecular weight seems to be important to the work under Contract N60921-93-C-0023. Also, the AA-cell

performance of carbonate solvents. Those having tests were conducted under ARL Contract DAAL01-93-C-

molecular weights above lu0 perform poorly as primary 3363, and we gratefully acknowledge the U.S. Army
solvents but can be used as cosolvents if they have a Research Laboratory in Fort Monmouth, New Jersey for
low dielectric constant. their support of that portion of the work.

- Aliphatic and cyclic ethers perform poorly as either REEENCES
primary solvents or cosolvents.

- A low dielectric constant appeais to be important for 1. W. Ebner, D. Fouchard and L. Xie. Submitted to Solid
cosolvents to be used with EC State Ionics (1994).

These findings will now be used to select additional 2. J.R. Dahn, A.K. Sleigh, Hang Shi, J.N. Reimers, Q.

solvents and cosolvents for evaluation with graphitic Zhong, and B.M. Way, Electrochemica Acta, Vol 38, No.

carbons. We plan to pursue a wide range of solvents and 9, p. 1179 (1993).

solveni types in a systematic approach to develop high 3. R. Fong, U. von Sacken, and J.R. Dahn, J. Electrochem

performance electrolyte solutions for use with the Soc., 13M, p. 2009 (1990).

LiNiO2/graphite lithium-ion technology. We also plan to 4. R. Selim and P. Bro, J. Electrochem. Soc., 118, 829

explore the use of additives as a means to control and (1971).

enhance SEI layer properties in a wide range of electrolyte 5. D. Guyomard and J.M. Tarascon, U.S. Patent No.

solutions. 5,192,629 (1993).
6. J.R. Dahn, A.K. Sleigh, Hang Shi, B.M. Way, W.J.

SUMMARY AND CONCLUSIONS Weydanz, J.N Reimers, Q. Zhong and U. von Sacken
in "Lithium Batteries - New Materials, Developments

The LiNiO 2/graphite lithium-ion technology is an and Perspectives", pg.l. Edited by G. Pistoia.
attractive system, capable of boosting cell capacity and Published by Elsevier, Amsterdam, 1994.
specific energy well beyond present levels achieved using
petroleum coke anodes. However, improvements in rate
capabilities are needed before these enhancements can be
realized at practical discharge rates.

Through half-cell investigations, we have found that the
reduced rate capabilities are not due to slower kinetics at
the graphite electrode but, rather, to effects of the EC-
based electrolyte solutions used with the graphitic carbons.
These results, therefore, substantiate the need for
development of new, high performance electrolyte solutions
suitable for use with graphitic carbon anodes.

Although the type of graphite does not appear to
strongly affect rate capabilities, it does impact reversible
and irreversible capacities. Our goal is to maximize
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DEVELOPMENT OF A LITHIUM-ION BB-2847 BATTERY
David Fouchard, Walter Ebner and Sid Megahed

Rayovac Corporation, Madison, Wl

Abstract

A program, sponsored by the Army Research ceeds all long lived aqueous rechargeable batteries. The
Laboratories (ARL), was undertaken at the Rayovac lithium-ion technology also has a high commercial (dual
Corporation, to develop lithium-ion technology suitable for use) potential. This paper describes the development of
military applications and to demonstrate the technology in such a technology for military applications, and its dem-
a BB-2847 battery for the AN/PAS-13 application. Current onstration in a BB-2847 battery for the AN/PAS-13 appli-
options for the AN/PAS-13 are either a primary lithium cation.
battery or a rechargeable nickel cadmium battery. The
former provides high capacity but at a high cost, Approach
particularly for training missions. The latter is relatively
inexpensive over its lifetime, but provides only limited The BB-2847 battery is a nominal 6 V system,
operating time. A higher energy density secondary battery rectangular in shape, measuring 3.75" by 2.55" by 1 .50".
is therefore needed that can extend performance beyond For the AN/PAS-13 application, continuous discharge
the levels presently achieved with nickel cadmium rates of approximately 2 A are required, with a pulse
batteries, and that can offer a significant cost advantage capability to 5 A. Our approach was to use 2 series
over primary lithium batteries for training missions. connected D-cells, using the carbon/LiNiO2 lithium-ion

system. The dimensions of the BB-2847 are such that 2
The system selected for initial development was the D-cells and a small control circuit can be accommodated.

carbon/LiNiO 2 "rocking chair" or "lithium-ion" system. De- The use of a dedicated controller can greatly enhance the
velopment was undertaken stepwise through coin cells, performance and safety of such a system, and as such,
AA-cells, D-cells and the BB-2847 battery with two C-cells was an important component of the battery.
and an integrated battery controller. The development re-
sulted in a safe secondary battery with significant energy Cell Design
density advantages over the nickel cadmium battery.

The materials chosen for this development effort were
Introduction petroleum coke (Conoco) for the anode and LiNiO 2 for

the cathode. The LiNiO 2 was prepared in-house by react-
The Army needs superior, cost effective, rechargeable ing LiOH and Ni(OH)2 under 02. Electrodes were pre-

batteries to provide power to an increasingly wide range pared from the materials by slurry coating both sides of

of man-portable electronics equipment(1). While tradi- 25 ltm metal foils, copper for the anode and aluminum for

tional rechargeable batteries such as Ni/Cd and Pb-acid the cathode. After coating and drying, the electrodes were

batteries have received limited use in these applications, densified by repetitively passing through compression

they are heavy and often cannot provide sufficient energy rollers with successively smaller gap settings. Typically,
in a man-portable package. What is needed is a new the cathodes were 225 prm thick with a density of 2.4
generation of safe, lightweight, high energy rechargeable g/cm 3 and the anodes 275 pm thick with a density of 1.3

batteries. g/cm 3, producing a working surface area of 1,100 cm2 in
a D-cell. The electrodes were spirally wound with Celgard

To fulfill this need, considerable effort has been made 2400 separator and inserted into standard D-size cans.
during the past decade to develop rechargeable lithium After beading and attaching tabs, the cells were closed by
cells. These systems offered promise of high specific en- crimping around a molded polypropylene header having
ergies, excellent charge retention and good low tempera- an integral vent panel and a stainless steel feed-through.
ture performance. However, no practical rechargeable Cells were then vacuum filled through the feed-through
lithium batteries have been achieved to date, primarily and sealed by forcing a stainless steel ball into the open-
due to the failure to resolve serious safety issues(2), ing.

More recently, the rocking chair (RCT) or lithium-ion 0-Cell Performance
technology has emerged as a viable alternative to re-
chargeable lithium cells(3). This is a lithium-like technol- Discharge rate capability determination of cells was
ogy that replaces the problematic metallic lithium anode carried out by sequentially discharging to 2.0 V at
with a low molecular weight intercalation electrode, typi- progressively lower currents with a 30 minute rest
cally petroleum coke or a pyrolytic carbon. By doing this, between each discharge. The data from such a test are
the safety issues related to the presence of metallic lith- shown in Figure 1 which plots cumulative discharge
ium and the dendritic deposition of metallic lithium are capacity as a function of discharge current. It can be seen
eliminated. Thus, lithium-ion is intrinsically a much safer that the delivered capacity ranged from 3.25 Ah at 4.4 A
technology than a rechargeable lithium technology. It (4 mA/cm 2 ) to 3.71 Ah at 0.018 A (0.02 mA/cm 2 ). The
also offers long cycle life combined with moderate ca- energy density values calculated from these data are 226
pacities, rate capabilities, and an energy density that ex- Wh/I and 104 Wh/kg at 2 A, and 252 Wh/I and 115 Wh/kg
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at low rates. The material utilization values as a function • PTC fuse (Raychem Polyswitch), the primary current
of current density for the same cell are shown in Figure 2. limiting device
Note that the anode utilization ranged from 166 to 190 * Klixon device (Texas Instruments), the secondary
mAhlg while the cathode ranged from 128 to 146 mAh/g. current limiting device and the primary over-tern-
These values are all close to Ax of 0.5, a value typical for perature control device (750C),
both petroleum coke (LixCe) and LixNiO2, . Thermal fuses (Elmwood), the secondary over-

temperature control device (850C).

-:= -- All of the devices are auto-resetting except the
, __---- -- thermal fuses.

The charge control section of the controller
incorporates the following functions:

- -------- -- . . ....... . ... .. _ - - 1 e Diode protection for polarity reversal

- _ * Cell equalization
e• High voltage cutoff

-.0 a Temperature compensation.
Cunhfit, A

Figure 1. Discharge Rate Capability of the Lithium-Ion D-Cell at 25°C Cell equalization consists of parallel bypass resistors
for each cell, controlled through an operational amplifier
and a precision voltage reference. When a cell reaches

-- -4.0 V during charge, the bypass resistor is connected
2~00 - - -- - - -

, ........ _ across the cell, limiting its voltage while the cells continue
,o .. -to charge. Near the end of charge, both cells would

. . .- - normally be in the bypass mode. The system corrects for
do0 ---------- _-_----- - minor differences in cell capacity, enabling full battery

" -. . _ capacity to be realized. The high voltage protection circuit
,,0 - -• .. .;.-•.............•- .. ... ... : monitors battery voltage and will turn off a FET switch if

. .... -....... voltage levels exceed 8.35 V, stopping the charge. This
-- 01 10 protection would be required in the event of a charger

Current Density. mAc¢m2 malfunction, or the use of a high voltage, non-standard
charger. The voltages of the high voltage protection and

Figure 2. Electrode Utilization Valuess a Function of Current equalization circuits are temperature compensated at -6
mV/°C and -3 mV/°C respectively. This was done to

match the -6mV/=C temperature compensation of the
BatteL...CntroIgr charger. The purpose of the temperature compensation

was two-fold; to raise the charging voltage at low
A dedicated control circuit was developed for the BB- temperatures to ensure complete charging in a

2847 in order to achieve maximum performlnce, reliabil- reasonable time, and to limit charge voltages at high
ity and safety from the battery. A block diagram of the cir- temperatures to extend battery life.
cuit is shown in Figure 3. Note that the circuit is entirely
analog. The two series-connected D-cells interface with The discharge control section of the controller
separate charge and discharge connectors. A number of contains a lower voltage cutoff function, and a protective
protective devices are common to both the charge and circuit to limit charging through the discharge connector.
discharge ports, and are wired in series with the cells. Individual lower voltage cutoffs for each cell are used, set
They are: at 1.8 V. When either cell reaches this value, a FET

switch is turned off, stopping the discharge. The voltage
loss associated with using a diode to prevent charging

€~him.m' c. ,,;=,,. through the discharge port was deemed too large in a 2-
cell battery such as the BB-2847, therefore an alternate

T- = T. -.0. circuit was required. The circuit senses both voltage and
"charge current in the discharge port, and turns off a
second FET switch if either is excessive. The voltage
penalty for the second FET is only 25 mV, rather than
several hundred mV for a diode, and therefore does not

a"1 introduce significant energy losses.

all M.". The quiescent current of the control circuit is approxi-
"-(4 mately 120 jA. This represents a storage period of 1.4

(_1 M vi years for a 50% loss of battery capacity . The circuit was
fabricated on a custom PC board measuring 2.4 xl.3",

Pis 1 & 3 D4IM d11110 COM M CI b ink 1111117-2147
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equivalent to the cross-sectional area of the BB-2847 temperature value. Average voltage values were 6.05 V
case. The complete layout of the battery is shown in and 5.86 V respectively. An illustration of the pulse
Figure 4. A molded ABS case was used, with charge and discharge capability of the battery is shown in Figure 7.
discharge connectors on the front face. The complete After charging to 8.0 V, the battery was discharged to 4 V
package weighed approximately 295 g. in a pulse sequence of 5 A for 20 s followed by a 40 s

rest. The battery was then rested for 30 minutes, and
finally discharged at 1 A to 4.0 V to determine the residual

S4 Ph=OW capacity. The graph shows battery voltage and capacity
A&,=GO OOK" Poo" • &,-versus time. It can be seen that 96 pulses were achieved

t within the specified voltage limits, equivalent to 2,666
Eg •l• 2H••S mAh. The 1A residual capacity was 523 mAh, for a total

of 3,189 mAh.

Dodwg. o1W * ZOA

o .. . . . ÷ -

3 -2--

2

Fig=r 4. Gmalua Layout of &ie Uditium-Ion BB2847 Banmy. 1-

0'

0 0 10 5M 20M 2WO 3G %Battery Performance o Copoctyo oI

A charging curve for a BB-2847 battery is shown in Figure 6. Comparison of Discharge Profiles at 25°C and -20°C for
Figure 5. Battery voltage, cell voltages, capacity and the BB-2847 Battery 046. Discharge Rate 2A to 4.OV

voltage across the equalization resistors are all plotted
versus charging time. The charger voltage was set at ...0

8.30 V in order to achieve a nominal 8.0 V across the 2
series cells and 0.3 V across the series diode. With the vI300
current limited to 1 A, the first cell reached 4.0 V in 2.8 h, • . ,
whereupon the equalization circuit activated as evidenced . - ........ ---- \
by a voltage appearing across the bypass resistor. After 2 Q - i

4.4 h, the second cell reached 4.0 V, and that . . - - ... 5,

equalization circuit activated, indicative of a complete 2 t

charge. Shortly after this, an over-voltage condition was
deliberately created by raising the charger voltage. The 0 ao 05 i s 2 35

battery voltage and current increased over the next 1.2 h, oihos, ,T..,I
until the over-voltage protection circuit activated, stopping
the charge. Peak voltage values were 8.38 V for the bat- Figure 7. Discharge Profile for BB-2847 Battery 017 for the High
tery, and 4.16 and 4.18 V for the cells. Rate Pulse Discharge Test at 25°C

A cycle life test of a typical battery is shown in Figure
?° .- •,,.:,-=-,.8. The voltage range was 8.0/4.0 V with a 2 A discharge

rate. Every 20 cycles, the discharge was continued until
a ........ the lower voltage cutoff of the battery activated (one cell

. "reaching 1.8 V). The capacity for this battery was 3,316
mAh initially, 2,903 mAh after 50 cycles and 2,528 mAh
after 80 cycles. This represents 88% retained capacity
after 50 cycles and 76% after 80 cycles. It should be

°o 2 . noted that these cells were optimized for capacity and
rate, with a cycle life requirement of only 100 cycles.

There is considerable latitude to extend the cycle life
Figure 5 Illustration of the Equalization and High Voltage Protection Thmrt i n capacity, and thi isile in

Systems in the BB-2847 Controller with minor tradeoffs in capacity, and this is illustrated in
figure 9. This figure compares cycling performance of AA-

cells optimized in different ways. In one case the cell was
Typical discharge curves for the BB-2847 at 2 A, optimized for maximum capacity and a cycle life

including 25°C and -20°C ambient, are shown in Figure 6. requirement of 100 cycles, similar to the D-cells for the
Inthis 2oCaseth capacity at was 3,147 mAh, w6thile rBB-2847 batteries. The other cell was optimized for
the -20°C capacity was 2,389 mAh, 76% of the room
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longer cycle life at a lower capacity. Cycling conditions References
were 4.0 to 2.0 V, with a discharge rate of 2 mA/cm 2. It
can be seen that the high capacity cell delivered (1) S. Gilman, Proceedings of the Tri-Service Lithium
approximately 30% more capacity initially, but faded to Battery R&D Workshop, Lake Placid, NY, June 23,
80% of its peak capacity in 140 cycles, versus 500 cycles 1993.
for the other cell. This demonstrates the flexibility of the
technology in fulfilling a wide variety of applications. (2) D.P. Wilkinson, J.R. Dahn, U. von Sacken and D.T.

Fouchard, Abstracts 53 and 54, p.85 and 87, The
Electrochemical Society Extended Abstracts, Vol.
90-2, Seattle, WA, October 14-19 (1990).

* ,.(3) T. Nagaura and K. Tozawa, Progress in Batteries &
# Solar Cells, Vol. 9, p. 209 (1990).
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Figure 8. Cycle Life Test of BB-2847 Battery 012. Voltage Range
8/4V, Discharge at 2A, Room Temperature
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Figure 9 Comparison of Cycle Life of AA-Cells Optimized for a 100
Cycle Requirement With Those Optimized for Longer
Cycle Life. Voltage Range 4/2V, Discharge 2 mA/cm 2 .

Summary

A lithium-ion technology, suitable for military
applications was developed and demonstrated in a BB-
2847 battery. Using petroleum coke and LiNiO 2 active
materials, D-cells having energy density values of 252
Wh/Il, 115 Wh/kg at low rates and 226 Wh/I, 104 Wh/kg at
a 2 A rate were demonstrated. Using 2 D-cells in
conjunction with a dedicate(' battery controller and
charger, a complete system offering high performance,
reliability and abuse tolerance was achieved. The system
offers an attractive alternative to the present options of an
expensive, high performance lithium primary battery, and
an inexpensive but limited performance NilCd system.
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LITHIUM LIKE RECHARGEABLE BATTERY

Robert J. Staniewicz, Angela S. Gambrell, and Gabriel Castro
Safi R&D Center
107 Beaver Court

Cockeysville, MD 21030

Introduction

A lithium like rechargeable battery replaces metallic lithium with a 1 LiNiO2 showed a capacity of 180 mAh/g when charged to
lithium ion intercalation carbon electrode which operates somewhat the 4.10 V limit, or 0.65 lithium de-intercalated from
positive of the Lio/Li* potential. Carbon intercalation negatives LiNiO2.
offer a cycle life of at least 1,000 cycles, promise of consumer type 2. Saft's graphite required 450 mAh/g when charged to 0 V.
safety, and rapid charge between C/6 to C rates to 100% DOD, all 3. The first charge of the graphite consumed approximately
superior characteristics compared metallic lithium rechargeable 300/6 of the charge (135 mAh/g ) to form an SEI layer.
cells. Presently, energy density of a LiON' Li(C)/LiNiO2 cell, 4. Maximum reversible graphite capacity at C/3 was 320
referenced to a small Ni-Cd or Ni-metal hydride cell offers between mAh/g, or Li0.86C 6.
100 to 150% improvement at 113 Wh/kg and 250 Wh/L. 5. Reversible capacity for LiNiO 2 was 126 mAh/g based on the

700/6 reversible capacity of the graphite.
Our work has focused on designing and building proof-of-concept
D cells and small prismatic cells with LiNiO2 positives and graphite With these experimentally determined electrochemical constants, it
negative electrodes. Some studies have focused on electrode was then possible to design complete cells using graphite negatives
binder studies and evaluation of D cell power capabilities, and and LiNiO% positives.
cycling life. The LiONO chemistry in the present configuration
offers the promise of dual use technology - able to meet projected The cycling performance of our first D cell, built in February, 1993,
applications as the BB-2847 or BB-2590 for the military and is shown in Figure 1. The electrodes used in this D cell were PTFE
consumer use. bonded on Al or Cu expanded grids. The discharge rate was I A to

a 2.5 V cutoff while the charging method approximated a C/6 rate.
General Experimental Methods The charging voltage limit was changed four times, giving rise to

the stepped nature of the curve shown in Figure 1, the first limit
The positive material, LiNiO2, was synthesized by the method in US was 3.9 V, then 4.0 V to 80 cycles, 4.05 V to 500 cycles, 4.1 V to
Patent 4,980,080 while graphite carbon was used as the negative. 800 cycles and, finally, 4.2 V after 800 cycles. Since these first
Positive electrodes were prepared by two methods, a previously generation D cells had less than 10 Wh total energy, we knew that
reported PTFE aqueous process°') used expanded Al screen while improvements in energy were possible. This led to the latest
the other method, a LiNiO2 suspension [prepared with PVDF and generation of D cells using PTFE bonded electrodes. These 13 Wh
N-methylpyrolidone (NMP)] which was coated onto an Al foil D cells have energy densities of 113 Wh/kg and 264 Wh/L at a C/3
substrate and then dried at approximately 120 *C. The graphite discharge rate. The performance is tabulated in Table I for various
electrode was PTFE bonded onto an expanded Cu substrate or constant current and constant power rates. This cell was also
coated onto Cu foil using an emulsion of graphite, PVDF and tested via a dynamic stress test (DST) which is used to evaluate
NMP. Binder content as a percentage of active material was potential rechargeable candidates for electric vehicle applications.
generally between 4 to 12% depending on the process. Cylindrical The DST profile consists of pulse discharge at various power levels
D cells were constructed from the PTFE bonded electrodes while and regenerative charging pulses, all of which are indexed to a peak
small prismatic cells used the PVDF bonded electrodes. The demand of 120 or 150 Wh/kg. The Safi graphiteiLiNiO 2
separator was Celgard 2400, electrolyte was IM LiPF6 EC/DMC electrochemistry, as tested in D cells (Figures 2 and 3), provides
prepared in house, and cell hardware was Ni plated steel. Cells 108 Wh/kg when a 120 W/kg peak power is demanded and 102
were charged the first cycle at a C/I 0 to C/20 rate to 4.1 V while Wh/kg at 150 W/kg peak power.
subsequent cycles used considerably faster charging rates at C/6 to
C/2. Discharge was performed to a 2.5 V cutoff and MACCOR Evaluations of reverse roll coated electrodes of LiNiO 2 on
testing equipment was used for all charge/discharge 0.0178mm Al foil and graphite on 0.01mm Cu foil have been made
characterizations, using PVDF as a binder for both electrodes. We decided to

evaluate these electrodes in small prismatic cells with an internal
Results and Discussion volume of 14 cm3 . Since the first charge fer a lithium ion cell

involves SEI formation on graphite, there is a solvent reduction on
A key point to designing lithium ion cells is to understand the the graphite surface, giving rise to some gas evolution"). We
electrochemical performance of the half cell materials, since there is reasoned that this gas could cause deformation of the case,
no reference electrode when complete Li ion cells are built and therefore, the cells were not sealed and the gases were allowed to
tested. A convenient approach is to study the behavior of metallic escape via tubing to an inverted buret filled with mineral oil
Li/graphite and metallic Li/LiNiO2 cells, the lithium negatives also (roughly 3 - 7 cm3 of gas was measured for a I Ah charge).
served as quasi reference electrodes. These lithium half cells of Following the first three cycles, the fill port was then welded shut.
LiNiO2 and graphite exhibited the following intrinsic behavior under The discharge capacity as a function of cycle number is shown in
C/10 charging rate and C/3 discharge rates: Figure 4. This cell, having an active surface area of 325 cm", was
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discharged at C/3, or 0 25 A, and charged in two hours to a voltage Conclusion
cutoff of 4 i V and a taper charge of 50 mA.

The LiONO electrochemistry shows good cycling and energy
An interesting experiment was conducted with another prismatic behavior for some early proof-of-concept cells Both PTFE and
cell of nominal 0.45 Ah at 100% DOD to 2.5 V. This cell was PVDF bonded electrodes have been investigated, at this early point
initiated on a 60o/o DOD discharge profile to 0.27 Ah at 0.225 A in our investigations we cannot conclude which electrode
and the charge was 90 mA to a 0.27 Ah cutoff This means the technology is electrochemically superior. Energy density in D cells
charge was not terminated to a fixed voltage cutoff but was allowed was demonstrated at 113 Wh/kg (compared to 45 Wh/kg Ni-Cd')
to seek its own equilibrium to deliver 0.27 Ah. The charge voltage and 250 Wh/L (compared to 90 Wh/L Ni-Cd®).
cutoff was initially 4.02 V and declined with cycling We chose to
cycle the "middle" 600/* of capacity (0.27 Ah) of the 0.45 Ah cell, Reference
leaving 20% of the charged capacity (0.09 Ah) uncycled. The
results are somewhat surprising in that the average discharge and 1 R. Staniewicz, A Romero, M Broussely, F Berton, and J.
charge voltage decreased with cycle number. This means that the Labat, Proc. 35th Int. Power Sources Symposium,
cell reached a lower discharge cutoff voltage with successive cycles 332(1992).
and a lower charge cutoff voltage with successive cycles. We
speculate that this behavior occurred because of a constant but slow 2. D. Aurbach, Y. Ein-Eli, 0 Chusid, Y. Carmeli, M Balai,
self-discharge of the uncycled 0.09 Ah capacity. Self-discharge and H. Yamin, I Electrochem. Soc, 141, 603(1994)
could cause the discharge to reach lower voltages because the
"state of change" of the cell is decreasing. This behavior, in turn, Acknowledgement
gives rise to the lower charge cutoff voltage. The overall behavior
occurs because the charge in and out are perfectly matched and Part of this work was funded by US Army Research Laboratory,
there is no excess charge to compensate for the self-discharge. contract number DAALOI-93-C-3379. We thank Mr. Martin

Sulkes for his valuable advice.

Description Results Comments

C/1 Capacity Verification 3 76 Ali Taper Charge to 4 1 V -:

113.4 Wh/kg I235 A CC Discharge to 2V i
2616 Wh/t CL

Constant Current .al C/3 3.76 Ali 1.235 A CC Discharge to 2.5 C
Constant Current t(P C/2 3 76 Ah 1.853 A CC Discharge to 2.5V
Constant Current W'! C 3.43 Ah 3.705 A CC Discharge to 2.5V CD

04

Constant Power a, K5 W/kg 3.43 Ah 9 75 W Discharge to 2 5V _
Constant Power O! 57 W/kg 3.52 Ah 6.00) W Discharge to 2.5V
Constant Power It', 2K W/kg 364 Ah 25 W Discharge to 2.5V EN ._

___ __0 E

DST Cycle 10o.0 Wh/kg 1211 W/kg Peak Power ý, 0
10117 Wh/kg 150 W/kg Peak Power O_

4)

Table I. 11 Wh D cell characteriation. This cell had 296 0of LiN 2

and I 1l- g of graphite. Interfacial area was 940 cnmi J

(1), - de)p;Jq.s( -•

4U.

74



0

be0
Jd0

E0I

t7 n I-TPo
0pa

(AeQA -EIOIc L..

CC

0 Ad

JI-0.
0 .2

0 -4 Eq

C13 C4 C4 0 Q00 -~

r~Z MO
A P1~3UaOdTW ROD '

M?,

75( fi -



IVESTIGATIONS OF DOPING EFFECTS IN THE UMn.O. SPINEL SYSTEM

Jeffrey A. Read Ralph Wise, C. C. Lang
Ultralife Batteries Inc., Newark, NY

Introduction

The LiMn 2O, spinel system has been investigated as a the silver would be found in the electrolyte. The weight of Cu*
cathode material in the next generation of rechargeable lithium ion detected in the electrolyte solutions is equivelent to 1% of
ion batteries1. The main advantages of the LiMn 2O4 spinel the weight of Cu doped into the electrodes. Typically 0.2 mg
system are cost, lack of toxic metals such as cobalt or nickel, to 1.6 mg of Cu is present in the doped electrodes. The
and high cathode potential versus lithium 2. The main electrolyte solutions typically contain .0025 mg of Cu' ion after
disadvantages are low capacity and cyclability as compared to cycling. Cu2* ions cannot be detected in the electrolytes at an
LiCoO, and LiNi) 2 . instrument detection limit of .01 ppm. Mn 2' is detected in all of

the electrolyte solutions but only in amounts that represent less
To investigate the possibility of improving both the than .1% of the Mn content in the electrodes.

capacity and cycle life of LiMn 2O4 materials, the spinel system
was doped with Ag and Cu in mole ratios of approximately 1% The first charge / discharge cycle for Li1 oAg oMn2 O4 is
to 8% of the Mn content. The objective was to perturb the shown in figure 1. The charge curve shows two distinct
lattice structure in order to improve the electrochemical plateaus, one at 4.04 V and a second at 4.16 V. This behavior
properties. Galvanostatic cycling studies were conducted to is similar to the undoped material shown in figure 2. The
investigate the effects of doping on both capacity and cycling capacity on discharge is depressed in the doped material as
behavior, compared to the undoped spinel. The capacity of the Ag

doped spinel remaiiis constant at 84 mAhlg upon cycling.
Exoerimental

Ag and Cu doped Li1.oMn2O, spinels were prepared
from Li2CO3, MnO. , and either AgNO3 or pure Cu metal. Ag
was doped at a level appropriate to form Li,.oAgo 4 Mn2O4. Cu
was doped at appropriate levels to form spinels with the 4.25
formulas Li1 0CuMn2..O 4 where x= .01, .02, and .08. Samples
were prepared by reacting the starting materials at 800°C for 4.00
3 days, grinding the products, then annealing for 3 more days • 3.75
at 800*C. 3.5

Electrodes were prepared by mixing the spinel, carbon

black and an Ethylene Propylene Diene Monomer (EPDM) 3.25 /

rubber in a ratio of 92:4:4 in cyclohexane. The resulting
slurries were then spin coated onto pretreated aluminium disks. 3.00

Electrodes were dried at 200°C under vacuum for 12 hours, 0 20 40 60 80 100 120

then compressed to a density of approximately 2.3 g/cc. OCpacity (mAh/g)

Electrodes with typical active weights of .01 g to .04 g
were cycled at .5mA/cm2 versus a lithium counter electrode. Figure 1. First charge / discharge cycle for
A lithium reference electrode was used. The electrolyte used Li1 oAg, Mn2O0.
for all cycling studies was LiPF6 in EC:DMC (67:33 by weight).
Cycling studies were carried out on a Schlumberger S11280
Electrochemical Measurement Unit.

X-Ray powder patterns were recorded on a Scintag
PAD-V diffractometer with CuK= radiation. Atomic Emission 4.50

Charge
spectra were recorded on a Perkin-Elmer ICP/6500. 4.25

Results 4.00

The powder x-ray diffraction patterns of the doped • 3.75 Discharge
spinels are identical to the undoped material. The crystalinity >
remains high in the doped materials as indicated by the sharp
powder lines. There are no extra phases observed. 3.25

Atomic emission spectra of the electrolyte solutions 3.00 •-
used for cycling studies reveal the presence of Ag', Cu', and 0 20 40 60 80 100 120
Mn 2 ' ions. The weight of Ag* ion found in these electrolyte Capacity (mAh/g)
solutions is equivalent to the weight of Ag originally doped into
the spinel electrodes. Typically 0.4 mg to 1.0 mg of Ag would
be present in the doped electrode. After several cycles all of Figure 2. Charge I discharge cycle for Li,.0Mn,04.
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Li,.o Ag.,Mn2O4 electrodes were also discharged below regions. The first discharge curves for these materials are
3.0 V to observe the 2.7 V lithium intercalation plateau. The shown in figure 6. Discharge capacity is severely depressed
discharge curve is shown in figure 3. The electrode material as the doping concentration increases. In addition, the x=.08
accepts lithium ions at 2.7 V, but subsequent cycling behavior electrode does not show a level discharge. The Cu doped
is severely damaged. The next discharge cycle shown in materials were discharged below 3.0 V and show capacity in
figure 4 gives a capacity above 3.0 V of only 32 mAh/g as the 2.7 V region.
compared to 84 mAh/g on the previous discharge. Figure 4
shows that the 4.0 V sites in the spinel are being lost or
modified when lithium is allowed to enter the lower potential
sites. The sloping of the discharge curve indicates that there --------

is mixing of high and low potential sites in the material. 4.40 x-.08

2 4.10
4.00 =-]

4.00 40

•)3.503.0 -.. . . . . . . .

0 10 20 30 40 50 60 70 80 90 100 110
> 3.00 

Capacity (mAh/g)
2.50

2.00 '- Figure 5. Charging curves for the Li,.ocCuMn2.O 4 materials
20 40 60 80 100 120 140 with x=.01 and x=.08,

Capacity (mAh/g)

Figure 3. Li,. ,AgoMn 2O4 discharge below 3.0 V.....

4.50

4004.50 3.50

4.00 3.00 - x=.08

S3.50 S~~2.50--
3.000 10 20 30 40 50 60 70 80 90!

Capacity (mAh/g)
2.50 _____

2.00 10 20 30 40 6o 70 Figure 6. Discharge curves for the Lil.o*Cu2,Mn2.XO4

materials with x=.01 and x=.08.
Capacity (mAb/g)

Discussion
Figure 4. Discharge of Li,.oAg. MnO 4 electrode after

cycling below 3.0 V. Li1. Ag.o4Mn 20 4 clearly looses all of its Ag in the form of
Ag* ions upon cycling as shown by the analysis of the
electrolyte. The charge and discharge curves of the Ag doped

The first charge curves for the Li, ,Cu,,Mn,.*O 4 materials material show distinct voltage plateaus. The powder x-ray
with x= .01, and .08 are shown in figure 5. The x=.02 material diffraction pattern is sharp, indicating a high degree of
shows the same charge and discharge curves as for the x=.08 crystalinity. The cycling behavior also indicates a stable and
material. The x=.01 material appears to be similar to the ordered lattice structure. The doping of Ag into the lattice
undoped spinel, shown in figure 2, with slightly decreased does not appear to disturb the normal spinel behavior. The Ag
capacity. The charging curve for the x=.08 material in contrast ions may simply act as a substitute for Li* ions in the lattice.
shows a large decrease in capacity and a lack of flat plateau The Ag÷ ions leave the lattice along with the Li* ions when the
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spinel electrode is charged, and remain in solution as Li* ions 1. J.M. Tarascon and D. Guyomard, E•ctrochemica Actr,
cycle in and out of the spinel lattice. Vol 38, 9, 1221 (1993).

Discharge of the Li,.1 Ag. Mn2O4 material below 3.0 V 2. I. Faul and J. Knight, Chem. and an., 24, 820 (1989).
does result in the intercalation of Li* ions into 2.7 V sites. The
discharge of lithium into the lattice at 2.7 V results in a
decrease in capacity upon the next discharge cycle. The
intercalation of lithium into these 2.7 V sites must therefore
change the lattice structure, altering the structure around the
4.0 V sites and possibly creating defects in the lattice.

The Cu doped materials show a small loss of Cu* ions
from the lattice. Approximately 1% of the Cu is lost into the
electrolyte from the electrodes. No Cue' ions are observed in
the electrolyte. The small loss of Cu from the doped spinel
materials would indicate that most of the Cu atoms occupy
sites in the spinel lattice normally occupied by Mn atoms. The
small percentage of Cu* ions found in the electrolyte could
arise either from breakdown of the lattice structure or from de-
intercalation of Cu* ions doped into Li* lattice positions. These
results would indicate that at least 99% of the Cu atoms doped
into the spinel occupy positions normally occupied by Mn
atoms. Therefore, the formula for the materials is correctly
written as Li1 ,Cu2 xMn2 .,O4.

The charge and discharge curves for Li,. Cu2 ,MNr..O 4
with x=.01 show distinct voltage plateaus. The powder x-ray
diffraction pattern is sharp, indicating a high degree of
crystalinity. The cycling behavior also indicates a stable and
ordered lattice structure. The doping of Cu into the lattice at
this level does not appear to disturb the normal spinel
behavior, and may simply act as a substitute for Mn' 4 ions in
the lattice.

The charge and discharge curves for Li1.oCu2 ,Mn.,O 4
with x=.02 and x=.08 do not show flat voltage plateaus. The
cycling behavior is poor. The sloping charge and discharge
curves, particularly obvious in the x=.08 material, are proof the
lattice is disordered. These curves also indicate, that a degree
of mixing has occured between the 4.0 V and 2.7 V sites. The
doping of Cu into the lattice at these levels has disturbed the
normal cycling behavior. The substitution of Cu'2 ions into
Mn*4 sites may have resulted in the presence of a large
number of defects. A large number of defects would create an
unstable lattice, resulting in poor cycling behavior.

Discharge of the Li1. Cu2 .Mnl.104 materials below 3.0 V
does result in the intercalation of Li' ions into 2.7 V sites. The
discharge of lithium into the lattice at 2.7 V results in a
decrease in capacity upon the next discharge cycle. The
intercalation of lithium into these low potential sites must
change the lattice structure and alter the environment around
the 4.0 V sites.

Conclusions

The doping of Ag and Cu into the LiMn 2O4 materials
decreased the capacity of the spinel system. The Ag atoms
occupy positions in the spinel structure normally occupied by
Li atoms. Ag is lost from the lattice upon charging and does
not affect the cycling behavior. The Cu atoms occupy
positions in the lattice normally occupied by Mn atoms. At low
doping levels of Cu, the spinel cycling behavior is unaffected.
At higher doping levels the capacity was greatly decreased and
the cycling behavior was poor.
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PEM FUEL CELLS FOR PASSIVE OPERATION

Otto J. Adlhart and Peter Rohonyi
AF Sammer Corporation
Ringwood, New Jersey

introduction

The PEM fuel cell first developed by the General This unique feature facilitates integration of the
Electric company for the Gemini program in the 1960's (1) PEM fuel cell with a chemical hydrogen generator. The
has undergone substantial changes in recent years. With chemical hydrogen generator utilizes the fuel cell product
the availability of high performance ionexchangc water to react with a metal hydride forming hydrogen and
membranes the PEM fuel cell became suitable for a broad hydroxides. Depending on the choice of the hydride the
range of power requirements. quantity of hydrogen formed can equal that consumed in

the fuel cell, eliminating the need for disposal
The new PEM cell relies on non-porous graphite considerations. This is an important aspect in closed

structures and bipolar construction. (2) The non-porous systems i.e. underwater vehicles.
bipolar plates have the disadvantage that product water
removal has to rely on oxygen or air recirculation.

This problem was overcome by the patented PEM Devlomt Oiecti
cell developed by the EPSI division of AF Sammer Corp.
(3,4) The Sammer cell (Figure 1.) relies on an ABA The key objective of the effort discussed below was
construction with porous carbon collector A elements and the development of a rugged, reliable, cost effective and
gas-impervious sheet metal B elements for reactant versatile hydrogen fueled PEM fuel cell suitable for
separation. The porous collector facilitates mobility of operation with either oxygen or air. For the fabrication of
product water in the cell and makes possible its eventual this advanced fuel cell conventional manufacturing
passive rejection from the cell stack by means of a technology and non-exotic materials of construction were
gas/water separator. to be utilized.

ANODEFRAME

POROOOUS COCOLLCWCO FlE

Figure 1.

AF Samnmer PEM Cell Configuration
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The development effort resulted in a PEM fuel cell The water/gas separation port,
with salient features as detailed below: (Figure 4.) relies on a hydrophilic microporous

membrane to reject the product water to ambient or

* Non-metallic "B" element, consisting of to be used in a chemical hydride hydrogen
impervious glassy carbon, which in addition to the generator which is also being developed by
cell separation function also acts as a frame, Sammer.
housing the "A" element.(Figure 2.)

-0-ring sead between cellsEn 
le

ef cn slack

Mem bran Electro e Aseml (MCA)

AF SGmmer PCb Cell configurtoion nm Fuel Cao - Passie Wder e Arrugensnls

with Waler/Gos Separrlie Porl

S Hydrophili "A" element, comprising of a porous

carbon disc which permits prehumidification of the Sufenticross setone to poermit fiormnufactringsoreactants by the product water. The prehumidifiedr
reactants enter the flow field at a predetermined irregularities and still seal reliably.

location eliminating the risk of membrane dry out.l

(Figure 3.) F ol is fcit es dc
cells interspersed through the stack for internal* Product water collects easily in the flow field and water cooling or by an external water cooling

gravitates towards the wicking manifold Port to be jacket. Forced air cooling is also a viable option
wicked to and rejected via a water/gas separation for lower Power levels as the heat is conducted to

port from the cell stack, the stack surface by the cell comPonents.

n bUnitized individual cells facilitate assembly and
Process fetw field Pre-hlridliolion at eu disassembly.

Wller Wickin a eli ingtin tternalotiemand posottoninglrods facilitatPieing

(Figurem3m) cel assembly and trouble shooting are being used.gravlartatal toad h ikn aiodpr ob akt.Fre i oln sas ibeoto

Lor Drmtecl tc.tesaksrfaer Lbraoy theM cellcopnts
oxge enitize indiidua celfcliaeaseblon

PrcssFo Ofyged Pe-unlr pd Iirnicaclion Fie l d Theascombintolfyoeo.teaoe ain
Wae Widdn Pasag to Eedxeau esrhal beutilized pointhe in a r odr 20 ampereitackn

Jiur 3 underUconstructiond f roruDraer Laboratories (Fingured5.

clg ctier o ceit h ah

jacetwiltblesurdlyteattrnserlrese

802H80

DamllllmllllllCel

,A... O'k•'• L Oxygen entry Onl "ntoDrprLbrtyPMCl

Oxygen entry.pint prenhumidficawionefyel The combination of some of the above salient
i"• i. fil features havf- been utilized in the Sammer 20 Ampere stack

•-"Figure 3. under construction for Draper Laboratories. (Figure 5).

Sormmer Fuel Cell - Hdrophilic Carbon Collector with Reaclonl Prehumnidif;,:otion The PEM fuel cell for Draper Laboratories consists
of four stacks of 36 cells each, designed to provide 115
Volts @ 20 Amps. It is to operate with an external water
cooling jacket where contact between the stack and the
jacket will be ensured by heat transfer grease.
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The Sammer 150 Ampere Stack

The 150 Ampere PEM fuel cell is the building
element for the development of 2 and 5 kw water cooled
stack modules (Figure 6.). These modules will be
integrated into fully automated hydrogen/oxygen power

- plants. As the Draper cell it relies on a circular cell
configuration. The active area of this cell is 300 cm2 .

External tie and positioning rods are utilized. This
feature together with the unitized cell construction
facilitates the removal or exchange of individual cells.

S~References

I. NASA JSC Report Number TTA E063-67-1, 1967

2. U.S. 4,175,165 Fuel cell system utilizing ion
exchange membrane with bipolar plates. Assigned
to Engelhard Corp. July 1977

Figure 5. 3. U.S. 4,826,741 "Proton Exchange Membrane Fuel

Cell With Improved Water and Thermal
The Draper Laboratories Fuel Cell Management", Assigned to EPSI May 2, 1989

4. "An Assessment of the Air-Breathing Hydrogen-
fueled SPE Fuel Cell". Proceedings of the 28th
Power Sources Symposium, pp. 29-32, June 1978.
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Figure 6.

Sommer 2 kw PEM fuel cell
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Heat Removal in Ambient Pressure PEM Cell Stacks
V. Marshall, J. Kelland, P. GrosJ..n, D. Bloomfield

Analytic Power Corp., Boston, MA

SIf there is good thermal conductivity between the cathode and
cooler cavities then the cathode exit temperature will tend to follow

In recent years PEM fuel cell technology has evolved to the the cooler exit temperature (T,). The equilibrium temperature at the
point where compact, lightweight stacks are practical in the range of cathode therefore determines the maximum temperature differential
25 to 500 watts. Extended operation however requires proper heat available for convective heat transfer. The heat flux from the cell
and water management in the fuel cell. The vapor pressure reaction depends on the cell performance and is calculated by:
characteristics of water and the hydrophilic nature of the ion
exchange membranes intimately link the heat and water balance of Q= 3.413*J*(Eo/ V, - 1) (Btu/hr-ft 2)
these cells. Coupling also occurs between the cell performance and
the heat and water management. This paper concentrates on the Where J is the current density (A/fl), E. is the open circuit cell
heat removal requirements of these cells and the consequences of potential, and V, is the cell operating voltage at J. External heat
inadequate thermal management. We also identify the limitations loss from the outside of the stack is neglected and heat transfer is
of free convection and detail the benefits of forced convection assumed to occur only as convection to the coolant air. The required
cooling for PEM cells. While testing was conducted on stacks in the convective heat transfer coefficient is calculated by:
range of 25 to 250 watts, the concepts discussed are applicable to
higher power levels and power densities. he = Qc / (T. - Tab) (Btu/hr-t'--F)

For modeling purposes we used the performance curve shown
Thermal & Water Management Model in Figure 2 and assumed that it remained constant. This

performance is an average of several 122 cm 2 cells in a stack cooled
A model of the stack cathode with an integral cooler is shown 1-. forced convection. The cell performance will of course change

in Figure 1. The stacks nm dead-ended on pure H2, so, to simplify during operation but, our approach is conservative in that the
the model we chose to neglect any mass transfer to or from the performance used for the model corresponds to a maximum
anode. performance level and therefore a lower heat flux. The heat transfer

coefficients calculated in this manner are therefore minimum
allowable values given the assumptions made.

23]

Ts I -'" ...... ... ... ...... .......... ... .... ......... ........ -" t - t....

IF].4 .. . .J. .. -" L . J I

0 100 200 300
1Current Density (A/ft2)

REACTANT AIR COOLING AIR

Figure 2 - Cell Performance

Figure 1 - Ambient Cell Model The cathode stoichiomietric oxygen flow at (1) is:
Flow in the cathode and coolant cavities is co-cuent and air isi
assumned to be at 70 0F, 40%/ r.h. and I atmn. Our model balances the Mo2 = 2.056E-5 * V, * J (lb-mol/hr-t 2

water exiting the cathode at (3) with that entering with the reactant
air at (1)plus the amount produced in the cell at (2). Weassumne with an oxygen utilization UO, the cathode dryinlet air flow is:
that all of the water leaves the cathode as vapor and that the relative
humidity there is 100%. T1e temperature at the cathode exit is MCesh = (M 2  * 4.76)/ UO *2.97 (lbthr-ft2 )
then calculated using steamn tables and the mole fraction of water at
the exit. This exit temperature represents steady state equilibrium The cooling flow of air to remove the heat of the cell per unit of cell
of water into and out of the cathode of the cell. We refer to this as area is given by
the cell equilibrium temperature. Mat = Q( "(C46(T)U - T-6)) (Ib/hr- 2)
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Effects of Reactant Flow on Cooin" Rm_.•-i

Using the model outlined above, heat transfer coefficients . I.. I
were calculated as a function of cell operating voltage for constant
oxygen utilizations of 20,40, and 60%. At this point the mode ofcooling is completely arbitrary, we are simply identifying minimum ,Ioheat transfer requirements for the assumed performance level. The -,, - Viresults are shown in Figure 3 along with the corresponding cathode . Is •,hr,-fo•,exit equilibrium temperatures for each case. 

, , .

50

,1" 40 D4 -j -

20 -0-1
30 . . +.. ......... L+ --- '+..... 0 UOs 

0T 1 0. o c i l
-*+5 _ ._U •TI• /Cl¥0411

A 3 a UOm6D%:Ta126F Figure 4- CoolingReactant Ratios

0 Limitations of free convection0.5 0.6 0.7 0.680.9 1C0 l Voltage 
Table I shows typical accepted heat transfer coefficients forvarious conditions. The model we have presented suggests that the

_""lat" 70F.40%__ _ _ _ miniwmn operating voltage a cell cooled by free convection shouldbe about .8 volts since this is where the minimum heat transferFigure 3 - Minimum Heat Transfer Coefficients coefficients exceed 5 Btu/hr-fltiLF. A more detailed analysis of the
heat transfer coefficient in terms of the geometry of the stack and theavailable temperature differentials however, results in even lowerThe effect of cathode reactant flow is twofold. Since the cathode values.reactant comes in at less than 100% r.h., higher flows (lower values.utilizations) carry more water out of the cell. In order for the system

to balance the water and keep the cell from drying out at higher flow Convective Heat Transfer Coeffidents
rates, the cathode exit temperature must be kept lower than if theflow rate was small. This lower temperature differential requires a Condition h (Btufh 2-F)much higher heat transfer coefficient to remove waste heat than the Air, free convection 1-5same cell operating at the same level but at a higher utilization. In Air, forced convection 5-50other words, two identical cells operating at the same level and Oil, forced convection 10-300generating the same quantity of heat, can have significantly different Water, forced convection 50-2,000
heat transfer requirements simply because of differences in theircathode flow rates. The graph shows that, from a heat transfer point For simple vertical plates in air at standard conditions, the followingof view, it is advantageous to be able to operate the cathode at high approximation for the heat transfer coefficicnt can be uscd':
utilizations.

In designing air-cooled stacks it is important to know the ratio hI = 0.28 * [(ATY LJ"4  (Btu/lr-.ftiOF)
of air used for cooling and that used for cell reaction. We define aflow ratio Rf which is simply the amount of cooling air divided by For a 4" high plate at 160tF, K is about 1.1 Btu/hr-fti-nF. Since thethe amount of reactant air required at equilibrium conditions. An iter cavities two integral with the cell stack, we can consider theminteresting result of our model is shown in Figure 4. This is a plot instead as two parallel vertical plates with a height L and spacedof the flow ratios as a function of cell voltage for three constant sheae distance a (tt) apart. To disipate the maximum amount ofreactant flows (as opposed to constant utilizations). Note that the heat with a diatomic gas, Keth2 gives the following approximationratio is independent of the cathode flow and is a direct function of for the optimum s :
the cell voltage. It is also significant that the smallest ratio is about1.0 at .9 volts/cell. Ibis means that even at low heat fluxes you still = 29* (L"4  , "2

,T"4 )/(g"4 *4 " 2 (Ts -T) t(4need about 10 times the reactant flow just to cool the cell. Where L is the plate height (ft), T is the mean gas temperature (OR),Since volumetric flows are generally determined by pressure T, is the surface temperature of the plate (OR), us is the gas viscositydrop and geometry, it is theoretically possible to design the (lb./ft-sec) at T,, d, is the gas density (lb=/ft3) at T,, andg is 32.2geometry of the cooling and reactant channels around a specific cell fdsec?. Tie maximum heat transfer coefficient can then bevoltage. The problem here is that this curve represents equilibrium calculated by:
conditions - operating the cell below the curve would result in toolittle cooling flow (overheat) while operation above the curve would h. = k. / b *Nub (Btuw-rf-°F)
result in flooding. To complicate things even further, the curve iscontinually shifting up and down itself as the cell performance W k. is the thermal conductivity ofthe gas at T1changes.
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and Nub is the average Nusselt number calculated for b. Both we were interested in the rate at which this might occur and whether
equations give similar numbers for h . the effect could be reversed if the cell were operain on dry H2 and

Nusselt numbers which represent maximumn heat transfer rates air. To examine these effects we ran a single 40 cm cell in test
per unit area are given in Figure 5. hardware which consisted of carbon fiber flowfields sandwiched

between 1/2" water cooled plates. The results of the tests are shown

10 in Figures 7 & 8.

The cell's pertormance was surprisingly high for 1 atm
S operation on dry gases - it operated steadily at about 5 volts and

430 A/WI2 and showed a limiting current density of about 900 A/f 2.
The cell maintained this level until about 160 minutes into testing

S .. . .......... .................. . ...... when the cell temperature was deliberately increased to 155 OF overE the next 40 minutes. The cffect on pIrformance was significant.
The cell resistance climbed from 4.5 miliiloms to 687 millioh•s

001 o . ..-...... and the limitin current density fell tojust 23 A/ft2 .After operating
the cell at this condition for several minutes it was then cooled down
to I 10-F in 25 minutes while being operated at limiting current

0o001 ~ -I--density. In this time the cell resistance fell and the limiting current
o 10 1000 1ooo01 roe steadily. When the temperature fell back to I 10'F the load on

the cell was adjusted so that the cell voltage was again at .5 volts.
Gr"''(b/L) The current density here was now about 370 A/ft2. This is about

86% of its initial perforance• level.
Figure 5 - Nusselt Numbers for Free Coovectio8

Based on this data, a series of curves were generated (Figure 6) IS
which show the maximum heat transfer coefficient as a function of ,0
the flow length (plate height L) for plate surface temperatures of
100, 130, and 160'F. Again we assumed an ambient air temperature -
of70'F. Note that heat transfer coefficients greater than 2 only -
appear for extremely short flowlengths. Forflow lengthsof l-1O in,
which would correspond to the cathode path length for stacks in the
25 - 500 watt power range, the coefficient is limited to between I s0 -. .+.- ---..

and 2. It is also significant that there is little gain in heat ransfer .. ,.... -4 Ii ._
between plates at 1007F and those at 1607F. This is important since t= --

it precludes the use of high AT's to significantly enhance heat iL. •W • -" " " -
transfer. ,

t Figure 7 -Cell Current & Temperaftre

2i i-s-. -. .I......o.I .2 .......2

T T

0 . ...
01 1 10 100

Co R-.ow L- -(in) --

Figure 6 - Maximum Theoretical Heat Transfer 04 ....... -

Coefficients

By matching the theoretical coefficients in Figure 6 with the j -0-
required cocfficients of Figure 3 we see that the lowest design cell r"
voltage for free convection would be limited to values above .90
volts/cell. While operation at this point may be very efficient, at Figure 8 - C V ~
best the power density is only about 16 Wlft2, making it impractical
for most applications. The difference in the perforancue levels might be explained by the

hystersis which Nafion exhibits when dried st high temperatures
Single Cell I Atm Testing and subsequently re-hydrated. This test not only shows the

importance of heat removal in regards to cell performance, but it
While it is obvious that excessive overheating of an ambient also implies that cells which have been dried out may regain much,

pressure PEM cell will eventually result in dry out of the membrane,
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if not all, of their initial performance level once proper heat transfer are, on the other hand, very nearly steady state as these stacks have

is re-instituted, demonstrated continuous operation for several hours.

Results of stack testing Conclusions

Figures 9 and 10 show the relative performance of a 25 cell free To date most research and modeling of PEM cells has
convection stack and an 18 cell forced convection stack. Both stacks concentrated on pressurized operation. The problems of thermal and
are comprised of identical cells with active areas of about 18.9 m2. water management in these cells is well documented. The ambient
The free convection stack has no separate coolers so all of the pressure stack appears, on the outside, to be a lower power density,
cooling air must flow past the cathode of the cell. The forced simplified version of these pressurized units. The reality is that
convection stack on the other hand has separate cooler elements ambient pressure stacks represent the extreme of the thermal and
which effectively split the cooling and reactant air. It is clear that water management problem. The low operating pressure makes
the forced convection stack achieves higher performance - these cells sensitive to utilization and allows significantly higher
especially around .7 volts/cell, mole fractions of water than are possible in pressurized stacks. The

low power density compounds the problem by limiting the amount
of water being added to the gas stream. The result is a unit which is

1 super-sensitive to reactant and coolant flows, yet as our tests have
... - -.. . shown can operate steady state at moderate power densities if

09 .. • properly controlled.

08 . .. --- -. .-.-.-- The results oftesting of both free and forced convection cooled,
i t-_ -ambient pressure stacks have shown that free convection is

o*07 - F ~impractical for design cell voltages below .8 volt/cell. Operation of
_ L - - re 1350 stacks at lower cell voltages (higher power densities) results in

0. a 18 Ced Fbrced GCb, overheating and dry-out of the membrane with a corresponding loss
> .of performance. Forced convection stacks with identical anode and

05 ... , .-4- -.. ....... cathode structures but with separate integral coolers have shown
0€3 ! ! continuous operation at power densities of 90 W/fl2 and voltages of

0 - .7 volts/cell. Although these stacks have an additional structural
: i ielement which increases their size and weight, the higher power

03 - _ _ density results in an overall reduction in the specific weight,
0 50 100 1so 200 volume, and cost. The penalty in parasite power is about 1% of the

Current Censay (Vaft2) gross power.

Modeling of the heat and mass transfer, as well as the
Figure 9 - Cell Voltage vs. Current Density geometry of the cathode of ambient pressure stacks has shown that

the limiting factor in the power density of stacks cooled by free
convection is the low overall heat transfer coefficients. For

1 T- r continuous operation of free convection stacks cell voltages should
S..be kept around .9 volts/cell. Heat transfer coefficients for forced

09 ... convection in the temperature range of interest will probably not
exceed 10 Btu/hr-flt2-F. This will allow forced convection to handle

o a . the heat transfer requirements of cells down to operating voltages of08
.6 volts/cell based on present performance. However, power
densities in excess of about 110 W/ft2 will have to be achieved

a5>re I through increases in cell performance for forced convection air to
-.... -" 1 lSCmFeda.I remain effective-

06 .. --.... I-

05 -...-- References

0 . (I) Marks' Standard Handbook for Mechanical Engineers. 8th ed.

03 i (2) Kreith, F. (1966); Principles of Heat Transfer
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Figure 10 - Cell Voltage vs. Power Density

As Figure 10 shows, forced convection effectively triples the power
density of ambient PEM cells. The data of the free convection stack
show higher power densities than predicted by our model but, these
operating conditions are not steady state. The forced convection data
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COST REDUCTION AND PERFORMANCE IMPROVEMENTS IN PEM FUEL CELLS

J. P. Maceda
H. Power Co.
Belleville, NJ
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TREATMENT OF PERFLUORINATED ION-EXCHANGE MEMBRANES (NAFION®)
TO INCREASE WATER ABSORPTION AND IONIC CONDUCTIVITY.

Shoibal Baner)ee
DuPont Company, Wilmington, DE

Introduction

The need for development of higher performance 0.08
membranes becomes clear from the following considerations. The
polarization curve of a fuel cell plots voltage vs. current density 0. 07 1780 cm-'/2365c•'

and defines power output. A typical polarization curve has three06
distinct regions. At low current density, ohmic losses are small, ,4
and polarization at the cathode controls the cell potential. As the 0 0.05
current density increases, ohmic loses grow and the curve becomes
roughly linear, in this region the slope is inversly proportional to 0.04 7

the electrical conductivity. The proton conductivity of the .0.

polymer electrolyte membrane contributes significantly to the o0.03
overall electrical conductivity of the PEM fuel cell assembly. ' L02
Further increase of current density causes an even sharper drop in 27032m'/2365 ...
the polarization curve caused by reactant mass transfer limitations. 0 .......

The intermediate region of the polarization curve is where 0 - i - I
the power output of the cell is normally useful for practical 0 2 4 6 8 10

applications. The conductivity of the membrane controls the slope Radiation Dosage (MRads)

in this region, and it depends mainly on two interrelated factors. In
the low current density region, conductivity depends upon inherent Figure 1
membrane properties such as total water content or degree of
hydration for a given thickness. As the current density is increased, these normalized areas as function of radiation dosage, here we see
more water is dragged from the anode (electro-osmotic drag) and a that the 1778 cm-1 band is growing almost linearly with the dosage
concentration gradient builds up to counteract the electro-osmotic whereas the sulfonyl fluoride band does not change with radiation
drag, thus increasing the resistance of the membrane to proton dosage. This indicates that the sulfonyl fluoride group remains
conduction. One key to developing higher performance fuel cells relatively unaffected by the radiation where as the C=O functional
is to develop PEMs that have inherently higher degree of hydration groups are probably forming on the fluorocarbon backbone.
provide (improved conductivity) and for improved water
management. The irradiated samples were hydrolyzed and the FTIR

In our laboratory we have discovered that irradiating spectra of the irradiated and hydrolyzed membranes were obtained

Nafion® polymers with electron beam causes significant change in In Figure 4 we see that the 1811 cm-1 band has disappeared and in

the structure of the polymer which results in increased water addition to the 1778 cm-1 band two other bands have appeared at

absorption and conductivity without sacrificing mechanical 1692 cm- 1 and 1628 cm- 1. The new bands are assigned as
strength. The results of this work are presented in this paper. carboxylic salt C=O at 1692 cm- 1 and water at 1628 cm- 1  A

semi-quantitative analysis similar to Figure 1 was done on these
Experiments & Results spectra and the results are displayed in Figure 2, here we see that

both the amount of the carboxylate C--O formed as evidenced by
r Sthe growth of the 1692 cm-1 band

Two forms of the Nafion® polymer, the sulfonyl fluoride
form and the sulfonate salt (potassium) form were irradiated under
vacuum at four different dosage levels (1,3,5 and 9 mega rad).
FTIR spectra of the sulfonyl fluoride form of Nafion® as a
function of irradiation dosage were obtained. The spectrum of the 0.06-
un-irradiated sample (control) was subtracted from the spectrum of 1680cm-' / 2365 cm-
the irradiated samples. The resulting spectra shows that two 0.05' .................. -.f. ..............S" aft~er hydrolyislsiI:
carbonyl bands at 1778 cm-1 and 1811 cm-1 grows with increasing ar ris.--
radiation dosage. These bands are assigned as dimeric acid type 0.04.

:: / 1790 MI 21365¢ra"
C=O at 1778cm- 1 and monomeric acid type C=O at 181 lcm -1 .- 17I0..e- -/ 2 .6....

In order to determine whether the electron beam is affecting 0ý 0.03 -

the sulfonyl fluoride group on the side chain or the perfluorinated / . "
back bone we carried out a semi-quantitative analysis of the 0 0 .02 - --- --- . ...............

infrared bands. We determined the integrated area of the 1778
cm -I band normalized it to the area of the 2359 cm -1 band which o0.01-.
is an over tone of the C-F bending mode and has been used as the
internal standard. Similarly the area of the sulfonyl fluoride side 0 .-....
group band at 2703 cm- 1 was also normalized. Figure 1 shows the 6 10

plot of Radiation Dosage (MRads)

Figure 2
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and the carboxylic acid type C--O at 1778 cm-l increase with the 36-

radiation dosage. The carboxylate C=O is primarily formed by - . Irradiited in

conversion of the monomeric acid type C=O at 1811cm- 1 
, and

may be a reactive species is formed which gets converted to the 32-

carboxylate salt when the samples are hydrolyzed.

Irradiation of the sulfonate form of Nafion 0.

FTIR spectra of the sulfonate (K+) form of the polymer 2 • .4....... a4t.
irradiated at different dosage levels were also obtained. The results 2 S03-K' 1o•

show the growth of the 1778 cm-1 band (the dimeric acid type 24 4
C=O), but unlike the sulfonyl fluoride form there is no appearance Radiation Dosage Mad)

of the monomeric acid type C=O band at 1811 cm-1 . Figure 3
shows a plot of the normalized band (1778 cm- 1) area versus Figure 4
irradiation dosage, the data shows that although the

60 -n
Irradiated in

SO form

0.08- 55 . ....... .............. .

i 0.0 S-F......~ .Q

0.05-
0.05-- SO K* f~rm

1789cm /235CM- 1  
4 5-=o i ~ ~~~~~............ .. . .. .............. . ...i .. ...A-. Jj~ OK frtsDosage (M4ad)

0 0. 03 - .-..

0 ~ 0.2 -Figure 5
0. 0 -

0.01- ......... ..... In Figure 4 both sets of films are in the potassium salt form
and in Figure 5 they are in the acid form. These data show that

0- firstly, the water absorption increases on irradiating the Nafion®
2 4 t 10 membranes, secondly the increase in water absorption for the

Radiation Dosage (MRads) membranes that were irradiated in the sulfonyl form is significantly

higher than the films that were irradiated in the potassium salt form
Figure 3 at all levels of radiation dosage, and finally there is a maximum in

water absorption around 4 mega rads dosage for both forms of the
area grows with irradiation, it levels out beyond 4.5 Mrads, unlike membranes.
the sulfonyl fluoride form. A possible explanation for the higher water absorption of

To determine if the acid type C=O species in the irradiated the XR films that were irradiated in the sulfonyl fluoride form may
polymer is reactive, we re-hydrolyzed the irradiated films. FTIR be the presence of the carboxylate C=O species at 1692 cm-l
spectra of the irradiated, re-hydrolyzed membranes were obtained, which is ionic and would absorb more water. We tested this
and the spectra shows that unlike the sulfonyl fluoride form the speculation by measuring the water absorption of the XR films that
1778 cm-T band has completely disappeared and two new bands at were irradiated in the
1692 cm-1 and 1628 cm-1 have appeared, as before these bands
are assigned to carboxylate type C--O and water respectively.

To determine whether nonvolatile low molecular products 55_ - |
were formed in the polymer films due to irradiation, Soxhelt
extraction of the irradiated membranes were carried out. FTIR 50 ....................................
analysis of both the extracted films and the extract did not show
any significant formation of non-volatile low molecular products. 4 5 ................. Re-Hydrolyzed

W ater A bsorption .4 : ....... ...... i....... / ............ .... - - ............. .... .. ....

0

Figures 4 and 5 show the water absorption of the irradiated 0. 35-- ........ ...........
films as a function of the radiation dosage. oall,

2 25
S- In i t ia l

1'0
Radiation Dosage (MRad)

Figure 6
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potassium salt form and then re-hydrolyzed because these films The tensile modulus and the tensile stress at 10% elongation as a
have the similar carboxylate C=O (1692 cm 1) species. The water function of radiation dosage are displayed in Figures 7 and 8
absorption data is shown Figure 6. Here it can be seen that the respectively. From the plots it is seen that at these levels of
water absorption of the re-hydrolyzed film is significantly higher irradiation none of these properties are significantly altered.
than the original films at all levels of radiation dosage.

TInic Conductivity

The tensile properties were measured in the sulfonic acid form of Ionic conductivity of electron beam irradiated membranes
both the films. The films were dried overnight at 100 degC. were determined by dielectric analysis. The polymers used in this

case was our standard commercial Nl15 membranes. The
membranes were conditioned at 50% relative humidity (RH) for
one week and the measurements were done in controled

S ! ! - environment to maintain the RH conditions.

Figure 9 shows the variation of conductivity with
. ............ ........... ........... ......... . temperature for membranes irradiated 0, 1, 5, 10 and 20 Mrads we

see that the conductivity increases significantly as the radition
. Irradiated dosage is increased. The increase in conductivity is maximum at

, SO3F form . lOMrad dose where it about two orders of magnitude higher than

the (unirradiated) control sample.

. .. Irradiated in

..... ........... ... SO K form 10- lO r07
. . ..10..M. . .......... ............................

6 .. . .:......... .............. ::::h ::

Radiation Dosage (Mrads) E 5Mrad "

Figure 7 106 .... ... .

IMrad oo

120 Md0 40° 60 80 10
3 - . ............. .. . . . . 1 0 5 . ............ o ° ' .q . .. .... . . . . . ... . . .. ..... ........ ...... ..... .... . . . . . . . . . .

Irradiated in "Q °°

SSO F form 0--a

2 ~rai YTemperature (Deg C)

•.so iC form -Figure 9
24

2 10 Electron beam irradiation treatment of perfluorosulfonic

Radiation Dosage (Mrads) acid membranes generates ionic groups in the polymer
structure. These ionic groups are sponsible for increased

Figure 8 water absorption and conductivity of the membranes.
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Recent Advances in Direct Oxidation Fuel-CelD Technology

S. Surampudi, H. Frank, S. Narayanan, and G. Halpert
Jet Propulsion Laboratory

and
C. Cropley, J. Kosek, and A. Laconti

Giner, Inc.

ABSTRACT

Development of fuel cells that can operate directly on fuel such as methanol and
hydrocarbons has been pursued since the 1950s. Several synthetic fuels such as
hydrocarbons, alcohols, aldehydes, glycols, and hydrazine have been considered for
direct-fuel cell applications. Among these fuels, methanol has received most attention
in view of its widespread availability. Prior to 1990, the existing DMFCs exhibited
limited performance, i.e., low operating voltages (less than 0.3 V) at low rates (less
than 30 mA/cm 2). This performance level is far short of the power density required
to compete with batteries. Recently, there has been a breakthrough in the devel-
opment of DMFC technology at JPL in collaboration with Giner, Inc. and USC.
This breakthrough involved demonstration of an output of 300 mA/cm 2 at 0.5 V
at 90°C which is 20 x higher than that reported to date.
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DIRECT METHANOL FUEL CELL STACK DEVELOPMENT
Donald L. Maicle, Brian L. Murach, Leslie L. Van Dine

International Fuel Cells, South Windsor, Ct

Introduction

The ARPA Low Temperature Direct Oxidation Fuel Cell above assumptions) as a finction of current density at which the 0.6
Program has the objective of advancing direct oxidation fuel cells to V/cell is achieved. This analysis indicates that the II pound weight
the stack demonstration leveL IFC as a commercial fuel cell goal can be met for a 250 watt 1000 watt hour direct methanol
manufacturer performs two major functions in the ARPA program: power module if an electrochemical performance of 0.6V at 220
1) Identify potential DOD applications for direct oxidation fuel ASF can be achieved by an ambient pressure MeOH/air cell with no
cells, and set cell performance goals that would meet the more than 50 ASF equivalent methanol crossover.
application's power requirements in a fully leamed-out power
module. 2) Demonstrate direct oxidation advances accomplished on The voltage sensitivity of the total system weight is
this program, in a low temperature, full area, fuel cell stack. displayed in Figure 3. For example the goal can also be met by 0.7V

at 170 ASF, or 0.57V at 250 ASF. Similarly a performance of 0.SV
Applications were identified through site visits, literature at 250 ASF misses the weight goal by 1.4 pounds.

searches and calls to appropriate DOD agencies. This paper focuses
on the person-portable micro climate cooling application. Methanol Results of cell and stack testing conducted on the ARPA
fuel was assumed, since logistic fuels are presently beyond the program has indicated that meeting the 50 ASF equivalent methanol
capability of low temperature fuel cells. A polymer electrolyte crossover allocation is challenging. Figure 4 illustrates the weight
membrane (PEM) fuel cell was selected for both the application penalty that would be accrued by increasing the crossover up to
studies and a stack demonstration. PEM is the only developed near 200 ASF, assuming all the crossover methanol is lost by oxidation
room temperature fuel cell compatible with carbon containing fuels, to CO 2 on the Pt black cathode catalyst. This increase in total

system weight is a consequence of the extra methanol fuel that must
The major technical problems limiting the application of be carried to compensate for the low Faradaic efficiency. A

direct methanol fuel cells are well recognized: Slow oxidation significant advantage of the system analyzed here is that most of the
kinetics resulting from the accumulation of by-product anode methanol not oxidized to CO2 as it passes through the cathode is
poisons on the catalyst is the most severe limitation. Cross diffusion recovered and recycled to the anode. Development of an 02
of the water miscible methanol from the anode to the cathode is the reduction catalyst not capable of oxidizing methanol would
second. The latter causes mixed potential reduction in the cathode completely solve the crossover problem when used in the system
performance, loss of fuel (low Faradaic efficiency), and excess described here.
thermal load in the stack.

The methanol air system has a potential liability for
Conceptual systems have been identified for both MeOH./02 battlefield applications. Chemical warfare agents may poison the air

and MeOH/air power modules. A 2 cell full-area stack has been run cathode, requiring an air clean up system not considered in the
to assess the present status of direct methanol technology against above analysis. One solution to this is a MeOH/0 2 power module.
the goals established by the system study. This trades the weight of the oxygen and extra tankage against the

weight of an air clean up system.
System Analysis and Performance Goals

Figure 5 Illustrates the simple MeOH/O 2 system analyzed to
A simple, light weight MeOH/air system is illustrated in establish performance goals. The assumptions are similar to the air

Figure 1. It assumes: the fuel is fed as a liquid to anode flow field of system except that 45 psin operating pressure is assumed, and
the stack (liquid feed); water is recovered to supply the required without N2 associated water loss on the cathode side, a 2201F stack
water to the anode; ambient pressure operation; no air saturation is operating temperature can be achieved to promote the slow
required due to the flow of liquid water/methanol by the anode; the methanol oxidation kinetics.
stack voltage is 12V DC; the methanol crossover was allocated to
be equivalent to 50 ASF of electrochemical consumption. Figure 5 shows two condensers and cooling fans. In reality

one fan and a condenser with two parallel sections would be used.
This system offers several advantages. The use of a single A cathode vent is required to eliminate the CO 2 produced by the

condenser to recover water and methanol from both the anode and crossover methanol. A cathode recycle is required to allow a high
cathode exhaust divorces the system methanol loss rate (due to CO2 level on the cathode to minimize the 02 lost from the cathode
saturation of spent air and product C02 exhaust streams with vent. Both liquid and vapor water rejection is required since the
water/methanol), from the stack operating temperature. The use of gases venting at the condenser exit temperature do not eliminate all
dry air provides evaporative cooling, and eliminates the need for the product water.
cooling capability in the anode recycle loop, but limits the stack
operating temperature to 1700F. Figure 6 illustrates the weight breakdown as a function of

current density with the same 250 watt, 0.6V/cell, 1000 watt hour
A thermodynamic analysis of this system was used to determine the assumptions used in the air case. In this case, the extra weight of
fuel cell performance needed to meet the application requirements the 02 precludes meeting the weight goal at any reasonable current
of: 250 watts, 1000 watt hours, I I pounds total system weight density with these assumptions. The voltage sensitivity displayed in
including stack, accessories, and fuel. Figure 2 shows the stack, Figure 7 demonstrates that 330 ASF at 0.7V/cell is required to
accessories, fuel, and total weight based on 0.6 V/cell (and the meet the weight goal with this 02 system. Figure 8 shows the extra
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weight penalty for excess crossover. This now includes the weight

of both extra methanol fulel and 02.

Direct Methanol Stack Testin ............-............... .

A Pt/Rn black catalyst developed by PSIT was chosen as .............. .......... f ....... .

the catalyst development most ready for a stack demonstration. a 10
Initial application of this catalyst to direct methanol oxidation in a
PEM cell was accomplished at the 2.25x2.25 inch sub scale level .... ... ."..... ... . ..............................
using Nafion@ 117 as the electrolyte. Performance of 0.52V at 100 _

ASF against 50 psia 02, 180*F, was obtained using vapor fed .............. ....... .......... .............

1. 5/1 molar ratio water/methanol. 2

Full scale (5x8 inch active area) single cell and stack 0 -'-- - 2 2 30 "

hardware capable of either vapor or liquid feed was developed. 000

Vapor feed performance equivalent to the sub scale result was

achieved in a full size single cell with the PSIT Pt/Ru catalyst. Use
of the liquid feed hardware option required increasing the Figure 2 MeOH/air System Weights vs. Current Density@

temperature to 220'F in order to produce an anode limiting current 0.6V/cell, 250 watts, 1000 Whr, 50 ASF MeOH X-over, 170°F,

over 100 ASF. A performance point of 0.6V at 100 ASF, against 14.7 psia

50psia 02, was recorded with 1.5/I water to methanol molar ratio
liquid, fed directly to the cell at this temperature. 25

On the basis of these results a 2 cell stack was built using "
the same type anode and cell hardware. It was run in the liquid feed 2 we - - - •

mode at 2200F. Initial performance at the same conditions, shown e . . .... ,,,c. " .... .... ......! .......... 
.....in Figure 9, matched the single cell result. Good uniformity between s .

cells was achieved. The 100 ASF point was held for 5 hours. Figure ... ... , Goal ......... . ....... ....•....
10 displays the relatively stable 0.6V performance obtained for both 10
celk& This is among the best reported performance results for direct ............................ ..... ... ..............-.......... .............
methanol fuel cell stacks.. - "t

S -
S. ......... ..... ........... ...........I ..........".".... ... ... .. : .... ..... ,

Conclusion- :

IFC has demonstrated that direct methanol oxidation can be 0 so 100 o50 200 250 300 350 400

accomplished in a low temperature PEM stack. Improvement in ASF

electrode performance and methanol crossover is required to meet
the performance goals established for the person-portable micro Figure 3 Total System Weights of MeOH/air vs. Current Density,
climate cooling application. as a Function of Cell Voltage. Same Conditions as Above
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FUEL CELL POWER PLANTS
FOR BARE-BASE AND FIXED-BASE APPLICATIONS

Sandors Abens and George Steinfeld
Energy Research Corporation, Danbury, CT

Introduction Logistic Fuel Processing:

Energy Research Corporation is initiating the Logistic fuels such as DF-2 and JP-8 provide a
development of fuel cell power plants for fixed and high energy density fuel offering transportability
bare-base DoD applications under the ARPA "Fuel Cell advantages for mobile applications and a source of
Power Plant Initiative." ERC will aoapt its direct back-up fuel for fixed base applications when natural
carbonate fuel cell power plant technology in gas is available. Table 1 summarizes some of the
combination with a logistic fuel processing system for characteristics of interest for processing these fuels into
dual use application. a fuel useable by fuel cells. The higher sulfur content

and lower H/C ratio makes DF-2 somewhat more
Features of the fuel cell power plant design challenging from a fuel processing point of view

include: compared to JP-8.

* Multifuel operation on logistic fuels DF-2 and JP-8, Table 1
as well as natural gas, Properties of Logistic Fuels JP-8 and DF-2

Both Fuels Have Similar Characteristics, But DF-2* Logistic fuel preprocessor design compatible with PssaGetrPoesn hlegPoses a Greater Processing Challenge
direct internal reforming fuel cell operation,

PROPERTY JP-8 DF-2
* High efficiency - leading to 40% lower fuel
consumption as compared with diesel engine gensets, Molecular Formula (avg) C12 4H21 2  C14 6H24.0

* Use of non-noble catalyst materials - eliminating any Molecular Weight 170 200

undue dependency on foreign sources, H/C Ratio (Molar) 1.80 1.70

* Rugged fuel cell construction employing metallic cell Sulfur Mass % 0.3 (max.) 0.5 (max)
hardware - for ease of transportation under military Specific Gravity .805 .850
conditions,

Gross Heating Value Btu/Ib 19,780 19,570

"• Water recovery system for water self-sufficiency, and Gross Heating Value Btu/gal 132,600 138,600

Source: U.S. Army, Fort Belvoir Research Development and Engineering"* Low thermal and acoustic signature, as well as Center
negligible emissions.

Desulfurization:
After initial analysis and bench-scale verification

of the fuel preprocessing system, which started in early The key step in processing logistic fuels for fuel
1994, a brassboard system will be constructed. In cell application is the desulfurization step. Sulfur
parallel, an approach for fuel cell stack weight and compounds in these fuels, which can be present up to
volume reduction will be developed and verified at 0.5 wt% according to Federal Specification VV-F-800D
subscale and incorporated in a 32kW stack with full for Diesel Fuel, must be reduced below 1 ppm to
area cells. The brassboard fuel feed system and the maintain the catalytic activity of downstream catalysts.
32kW stack will be tested with both diesel (DF-2) and While commercial suppliers are already preparing to
JP-8 fuels. The results will be utilized to derive reduce sulfur levels to 0.05 wt% (500 ppm) in diesel
preliminary power plant designs for fixed and bare-base fuel to meet clean air regulations, this level is still high
applications. Maximum power rating for a single fuel for fuel cell applications, and must be reduced further.
cell generator set, as well as a transportable multiple-
skid power plant will be defined, and the corresponding The approach planned is based on utilizing
design will be provided consideritig the bare-base available hydrodesulfurization catalysts at pressures
requirements specified by DoD. This development is sufficiently high to lower the sulfur level to below 1
expected to improve the efficiency, fuel flexibility, ppm. This hydrotreating step also lowers the aromatics
emissions, and thermal and acoustic signatures of content of the fuel, making it easier to reform without
future fixed- base and mobile power plants. carbon formation.

Team members for the proposed project include Preconversion:
ERC and its wholly-owned subsidiary, Fuel Cell
Manufacturing Corporation; Haldor Topsoe, Inc. and its Following the desulfurization step, an adiabatic
parent company, Haldor Topsoe A/S; Fluor Daniel preconversion step will be used to convert the higher
Corporation; and Illinois Institute of Technology. hydrocarbons in DF-2 and JP-8 to methane as follows:
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CnH, + nH2O--- >nCO (n+m/2)H2 endothermic
CO + 3H2 --- >CH4 +H 20 exothermic
CO + HO --- > CO, + H2  exothermic F

UE Reforming Reaction

This approach has been shown in a previous - '-i -- ÷ -ANODE

DoD-funded project to be feasible for operating Anode Reaction

carbonate fuel cells with diesel-like fuels 1 . H. + CO*HO + CO, + 29

The endothermic steam reforming of t co.- MATRIX

hydrocarbons can be considered irreversible for all
higher hydrocarbons In> 1) which are converted AIR CO, N 2; CCatho CATHODE
directly to carbon oxides and hydrogen with no + CO. + 1/2 o.o T

intermediate products. The reaction is then followed by
the exothermic methanation and water-gas shift
reactions which adjust the chemical equilibrium
between the carbon oxides, methane, hydrogen and Figure 1
water. Typical conditions and exit compositions for a Direct Fuel Cell Concept
diesel preconverter based on equilibrium calculations
and earlier subscale testing indicate that a high
methane content can be achieved. This makes
operation on diesel fuel or jet fuel appear to the fuel cell
as operation on natural gas, with a small variation in
the gas composition. This facilitates the use of the
same fuel cell design for logistic fuels as for natural
gas, maximizing dual use which builds on technology
already developed for the commercial sector.

Fuel Cell Power Plant:

The fuel cell power plant is based on internal
reforming carbonate fuel cell technology, the Direct Fuel
Cell, developed at Energy Research Corporation. The
Direct Fuel Cell concept, is depicted in Figure 1.
Methane fuel is first reformed in the anode Figure 2
compartment of the carbonate fuel cell to produce CO Engineering Model of a 1MW
and H2, Both H2 and CO are oxidized by the carbonate Carbonate Fuel Cell Module
ion (CO 3 ) to H20 and CO 2, discharging two electrons. Two modules containing four stacks each are
The carbonate ions are formed on the cathode side of required in a 2MW Plant
the fuel cell by reaction of 02 and CO2 plus two
electrons from the external circuit. Since methane interruption or outage caused by natural disaster,
reforming is endothermic, it serves to remove heat accident, sabotage, vandalism and/or attack.
produced in the fuel cell, minimizing fuel cell cooling
requirements. Because methane conversion in the fuel The logistic fuel processing front-end will be
cell is achieved by using waste heat, the direct fuel cell added to an existing natural gas plant design with minor
is inherently more efficient than conventional fuel cells changes in the remainder of the plant. However, a
operating on externally reformed fuel. water recovery system will be added to make the

power plant water self- sufficient.
Individual fuel cell stacks are grouped in modules

which will be identical to commercial natural gas power The Direct Fuel Cell power system concept is
plant designs, with the exception of the stack design shown in Figure 3. Oxygen and carbon dioxide are
changes developed under the stack militarization task. supplied to the cathode by a burner which combusts
This allows a dual use application for both commercial the residual fuel in the anode tailgas with excess
and military systems. Figure 2 depicts a 1MW fuel cell air. Stack exhaust is used to raise the steam needed
module which incorporates four carbonate fuel cell for reforming the fuel to hydrogen.
stacks. Two of these modules are required for a 2MW
power plant. Overall power plant specifications are estimated

on DF-2 and JP-8 at a thermal-to- electric efficiency of
Preliminary Power Plant Development for Fixed- Base 57.8% and 57.2%, respectively, and at 61.2% on
Applications: natural gas, all on a lower heating value basis. Heat

recovery to produce 66-80 gallons of hot water per
The fixed-base power plant, rated at 2 MW, will minute at 150°F can be provided, increasing the overall

be capable of operating on logistic fuels, DF-2 and JP- plant electric and thermal efficiency to 80-85%.
8, as well as on natural gas. Such a multifuel capability
provides independence and versatility for military All three design fuels can produce the rated
installations in the event of commercial power power of 2MW using eight stacks, with natural gas
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Direct Fuel Cell System Concept

performance slightly above performance on logistic
fuels.

Preliminary Power Plant Develooment for Bare- Base
Applications:

Bare-base power systems are required to rapidly
establish a sustainable operation at a bare-base location
vital to various military missions. These power systems
may be used globally, in all seasonal environments, and
in any of the climatic extremes listed in MIL-STD-210B.
The power systems must be rugged, portable, reliable,
affordable, and simple to maintain.

The detailed design requirements of bare-base
deployment will be defined in a pre-design mission
analysis to evaluate design options that are consistent
with bare-base deployment needs.

Transportation requirements for C-1 30 transport
will define the maximum size of the bare base power
plant which is currently anticipated to be in the size
range of 300 kW.

A skid mounted unit containing fuel processing,
fuel cell stacks and power conditioning sections of the
plant will be packaged in a ruggedized unit for
transportability and field operation. Trade-offs will be
considered between a single maximum rating unit
transportable in one shipment by C-130 versus a larger
modular power plant transportable on multiple skids
which can be readily assembled in the field.

Performance will be similar to the 2 MW power
plant for fixed-base application, with some possible
trade-offs to meet transportability requirements.

References:

1. Abens, S.G., and Kumm, W.H., (1992).
Evaluation of Reformation of Diesel Type Fuel in
an MCFC Stack. Proceedings of the 35th
International Power Sources Symoosium. pp.
46-48.
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Astract

The characteristic of electrode and matrix according to the manufacturing process was studied and
also the design of 100W stack was performed for the basic research of the developernnt of 3KW
AFC system The performances of electrodes were investigated with mass activity, Tafel slopem
impedance analysis, cherisorption and particle size analysis. Raney nickel containing 2.0V/o of Ti
with particle size of 5.7pum was shown the highest mass activity of 2.4 A/g. New technology to load
silver particles on carbon black with colloidal method was carried out for oxygen electrode catalyst
and 200A of silver particle size was shown the 38.5 m2/g of the highest surface area and 84 A/g of
mass activity. Potassium titanate was used as new material for matrix and 2:1 of whisker and
powder mixture was shown 160% of wettability, 62% of porosity and 230 mnm-g of bubble pressure.
The stack was assembled with epoxy resin reinforced with glass fiber for preventing thermal shock
and the cell performances were evaluated at various operating condition.

colloidal method and used as catalyst for oxygen electrode.
INTRODUCTION 1:4 of KgCQ3 and TiOz mixture was sintered at 8501C, was

prepared potassium hexatitanate powder. It was detailed in
The serious environmental pollution resulted from previous work (4-

combustion of fossil fuels have demanded the developement
of fuel cell as new clean energy system. Fuel cell which can Manufacturing Process of Electrode
convert the chemical energy of fuel into the electrical energy
has several advantages ; favorable higher conversion The manufacturing process of porous catalytic layer of
efficiency of fuel, recovery of exhaust heat, noiseless hydrogen electrode was followed. Raney nickel was mixed
conversion, lower production of pollutants and minimal siting with polytetrafluoroethylene (PTFE; Teflon 30J, Du Pont) and
restriction. The first successful H1-O2 alkaline fuel cell(AFC) homogenizing with Ultrasonic Generator (US-300T, Japan)
was started in 1932 by Bacon and culminated in 5KW and dried until it bacame paste. The obtained paste was
system in 1955 which was used 30%D KOH as an electrolyte pelleted by pressing or rolling method with isopropyl alcohol
and was operated at 200 "C.() Technical developement of AFC on 60 mesh stainless steel net for the mchanical support
was accomplished by NASA in the early 1960's and many and was treated at 340*C in N2 atmosphere for I hr. The
scientists proved that it is suitable in application where only gas diffusion layers were prepared with the Toray carbon
small uints are required such as space shuttle, military paper(TGP-H-60, porosity 73%, thickness 0.17mm) containing
purpose and electrical vehicles. AFC has several advantages 40 w/o of PTFE. They were attached to the catalytic layer
over Phosphoric Acid Fuel Cell(PAFC)(9-3 >; (A) potentially by hot press and soxhlet in acetone to remove residual
higher energy efficiency caused from the higher rates of surfactant which was originally mixed in PTFE dispersion.
oxygen reduction, (B) low operating temperature and better
material torelance and (C) better performances. To maintain Methods of Measurement
the competition for the commercial application, non-noble
metal is recommended as catalyst and its amount should be Potentiostat/Galvanostat(EG&G PARC Model 273A)
diminished without decrease of electrode performance. connected with IBM computer system and Solatron

In this study, optimum condition of preparing Raney nickel 1255(Schlumbeger) were used for measuring the
catalyst for hydrogen electrode and the effects of the electrochemical characteristics('-_. The counter electrode was
electrochemical characteristics at porous electrode according Pt gauze and the reference electrode was NHE. The IR drop
to the promotor were investigated. For oxygen electrode, the was reduced by closing the reference electrode through the
colloidal method for impregnation of silver on carbon black luggin capillary to the working electrode. The whole cell
was carried out and the dispersity of carbon black was assembly was sealed to prevent the precipitation of
studied. The stack was assembled with potassium potassium bicarbonate and/or carbonate. CO-chemisorption
hexatitanate matrix and the influence of design and operating was carried out with Calm 2000 Microbalance and the
condition were confirmed. gasflow were controlled with Multiple-Dyne-Blender.

Investigation of morphology was carried out with SEM(JSM
EXPERIMENTAL 350. JEOL).

Preparation of Materials. RESULT and DISCUSSION

The various mass fraction of nickel and aluminum powder Improvement of Hydrogen Electrode Performance
was mixed in mortar thoroughly, then pelleted by pressing at
200kg/cm2, sintered at 700"C. Aluminum was leached in 6N The electrochemical characteristics of the electrode were
NaOH solution at 801C for 24 hours and obtained Raney considerably influenced by the portion of nickel and
nickel was partially oxydized and stored in vacuum prior to aluminum content for Ni-Al alloy. When the catalysts were
use. Silver particles were impregnated on carbon black with obtained from 60w/o of nickel and 40w/o of aluminum, the
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electrode shown the highest current density of 450 mA/cm2 electrolyte resistance and the effective capaitance of the
and these tendencies could be explained with following two electrode. Low frequencies circle may correspond to hydrogen
reason. First, residual Al were exist as contaminant and transport impedance in the pore and transport of hydroxide
fially the catalytic activity was worse and the amount of ions from electrode. With the addition of Ti, the resistance
unleached Al was increased with the increase of NiAha and capacit, were changed from 035 cmn2 to 0.30 cm2 , from
Second, the diffusion of hydroxyl ion could interrupt at fine 0307 F/cmn to 0.42 F/cm2, respectively.
pore and resulted the imcrease of resistance. From pore size
distribution data, the ratios below 0.1umn pore size was Improveient of Oxygen Electrode Performance
decreased with increase of Ni content during Ni-Al alloy
formation as shown in Fig. 1. From the binm'y phase Silver particle impregnated on carbon black by colloidal
diagram'11 , 40w/o of nickel content indicated the region of method was used as catalyst for oxygen electrode. The
NiAi3 and 60w/o indicated of the NiaAl. With our XRD data, increase of catalytic surface area and its activity could
the intensity of characteristic XRD peak of NiAI3 was accomplished by minimizing of silver particle size, but small
diminished as the increase of nickel content, particles could aggromerate each other and the active surface

00 area was decreased. As shown in Fig.3, when the silver
particle shown 200A of particle size, the maximum surface

90 area of 40 m2/g was calculated with the result of 02

80. (a)

S100 
1

80 80

~40
?L60 600

20 (b

10 ,- 40- 40

7C(C

35 40 45 50 55 60 65

Nickel contents (i/o)
Fig. 1. Component ratios of por,, size at the Raney nickel 0

obtained from various Ni portion for Ni-Al alloy. 0 50 ioo 150 260 250 300 350
(a) l0im W nIm of pore size SilvEr e siZe 1)(b) Win O .1pm of pore size r.-•cesze.)
(c) below 0.1tim of pore size Fig. 3. Mass activity and surface area vs. various silver

(c) below0.purmiofporeisiz

The mass activity were increased when the electrode p size.

manufactured with the Raney nickel catalyst containing Ti. chemisorption and almost 80 A/g of mass activity at the
And the particle size of Raney nickel was decreased with the electrode was obtained. According to our calculation, real
increase Ti content during Ni-Al alloy formation. Similar size distance of each particle was 250A. After 5mg/cm2 of
distribution was found from the linear slope when 1.5-2.0 loading amount, almost it had the saturation value of specific
w/o of Ti was contained. It could be concluded that titanium activity. The particle size of silver catalyst with
was textual promotor and there was no evidence from non-homogenizing carbon black used as supportor was
polarization curve that the activity of catalyst was increased. shown almost 250A, but with homogenized carbon black, it
Without Ti, the surface area and mean particle size of Raney had 130A of silver particle size. From this result, silver
nickel had the value of 0.6436 m2/cc, 12.361mn, but 1.3129 particle size would influenced according to dispersity of
m2/cc and 5.7Mm was evaluated when 2.0 of Ti was added carbon black. The pore size distribution of non-homogenized
respectively. Fig.2 was shown impedance spectra in the form carbon black had only macropore and transitional pore by
of a Cronigs-Kramer plot. Distinguished two semicircle was interparticle pore with 17m2/g of pore surface area. But as
obtained and high frequencies circle attributed to the soon as homogenizing was began, sharp micropore peak was

appeared with increase of pore surface area and it had
maximum value of 88mn2/g when homogenizing 30sec. More

, , than 30sec of homogenizing time, the micropore was
-' i L disappeared, since active small particle was reagglomerated.

•.:r ',-••,-• •The pore area was increased as to homogenizing and could
•" "be expected the increase of corrosion rate. But, as shown in

Fig.4, there is no evidence that the increase of corrosion
\, ,,, 0 ocompare to the pore area of carbon black.

b I :Matrix and Stack Assembly

The matrix has the functions of electrode seperation and
1: 55• ,. is electrolyte contaniment. The matrix may be a limiting factor

",: :, .C _with the respect of compatibility with the electrolyte, good
ionic conductivity, effectiveness as a barrier, proper strength

Fig. 2. Impedance spectra of Raney nickel electrode. and flexibility. Potassium hexatitanate powder matrix was
(a) Raney nickel shown only 50% of wettability but strong mechanical
(b) Raney nickel containing 2w/o of Ti properties and whisker matrix was shown 170% of
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wettabilityr with weak mechanical properties. The matrix
made by mixture with 1:2 of powder and whisker had H. inlet KOH outlet 02 idle
appropriate wettability and ionic conductivity. It was
represented in Fig.5.

200 1 1 1 1 1 1 -

9/M71/030

~10c 0b

50 - / 0 0(a)

Fig. 7. Arrangement of 30W alkaline fuel cell stack

0 1I

0 10 20 30 40 50 60 70

Time (win)

Fig. 5. Time dependance fo wettabilitY with various
KaO*6riO2 matrix.
(a) powder: wisher = 1 :0
(b) powder: wisker = 2: 1
(c powder :wisker = 1: 1
Wd powder: wisker = 1: 2
(e) powder: wisker = 0: 1

The arrangement of stack and final product was shown in
Fig.6 and Fig.7. To prevent the leak of gas, epoxy casting
mold was used and also the epoxy resin was reinforced with
glass fiber. The dimension of electroide was 12 X 16 cm2 and
active are was 100 cmnz In FigSA the stack which was
constructed with nickel foamn as gas channel was illustrated.
each component was sealed with PTE followed moldling
with epoxy resin.

CONCLUSION Fig. 8, Arrangement of loW alkaline fuel cell Stack.

From these results, the followiing conclusions can be drawn;
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1. Raney nickel catalyst obtained tom the 609 of mcklo
and 40% of alummin mixture showed the optimum
electrochemical charactitis

2. The inres of electrode performance could accomv-
lished with the addition of titanium.

I With the colfina method, silver catalyst could
impregnated on carbon black and reduced the amount of
silver was accomplished.

4. Particle size of silver catalyst for the oxygen electrodee
should maintain 200A.

5. The matrix which had good wettabiity mechanical
Propeties could made by the mixture of potassium
hexatitanate powder and whisker.
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for Rechargeable Lithium Batteries

S. OKADA, L.S. Nenjundasweusy, A. Mentalrem and J.5. Gdeexoengh
Center for Materials Science & Engineering, ETC 9.102

The University of Texas at Austin
Austin, TX

H. Oklsim, H. Aral and J. Yamaki
NTT Interdisciplinary Research Laboratories

Tokal, Ibaraki, Japan.

RODUh ION TO OTA
110 25

Among the known Li-insertion compounds, layered 1o0 -T- F92(SO4)3"gH20 2o
rocksalt-type LiCoO21 and LiNiO22 and spinel-type I1Mn2043  24)AS
are pursued intensively at present as cathode materials for 90 -2.,%.
rechargeable lithium batteries. They are phases in which Li can be so F0
inserted reversibly at voltages higher than 3.5 V with respect to Li. 7 F5
However, the higher voltage (> 4 V) associated with LiCoO2 and DTA
LiNiO2 may lead to an instability of the electrolyte, while the low 0 0h
lithium mobility associated with LiMn204 limits the power 5 so -5
capability. In addition, these high-voltage cathodes ame problematic 40 -10 "
in terms of cost and the availability of the transition metals. It Fe2(SO4)3"9H20 -15
should be emphasized that the Wh/S is a more important factor i l'c/minin 02.
than W/bg in the case of the larger size batteries as for an electric 20 .20
vehicle or a load-leveling system. 10 ,_ . 25

0 100 200 300 400 ,500 600

These considerations prompt an identification of alternate
cathodes, and iron compounds are especially attractive. Because Temperature [Cl
Fe is abundant, inexpensive and less toxic than Co, Ni or Mn. To Fig. 1. TGA and DTA curves of Fe2(S04)3"9H20
date, several iron-compound cathodes such as FePS34, FeOC15, made by oxidation reaction with H202.
FeS26 and FeOOH 7 have been proposed, but most of them have
relatively poor rechargeability and a low discharge voltage. To
develop an inexpensive high-voltage cathode, we have focused our
attention on Fe2(S04)3 and its isostructural relatives; it has the by refluxing ferrous sulfate heptahydrate FeSO4.7H20 (Fisher
highest open-circuit voltage (OCV) of the iron-compound Scientific) in conc. H2SO4 for about 2 hours. To remove
cathodes. absorbed moisture and sulfuric acid, hea treatment was done in an

alumina crucible at 350 °C for 12 hours as described elsewhere 9.
Fe2(SO4)3 has a NASICON-related framework in which In this work, we tried an oxidation reaction with hydrogen-

the S04 tetrahedra share corners with FeO6 octahedra and vice peroxide solution (30 w/o) as follows;
versa to form a three-dimensional network. The interstitial space
can accommodate four guest cations per formula unit, but only two 2FeSO4"7H20 + H2SO4 + H202 -+ Fe2(S04)3y9H20
Li atoms are needed to reduce the Fe3+ ions to Fe2+. Initial
studies8 found that the framework of monoclinic Fe2(SO4)3 After the rapid exothermic neutralization reaction, fine pale-pink
transforms to a new, apparently orthorhombic symmetry in crystals were deposited in the bottom of the flask. The fme-particle
Li2Fe2(SO4)3 with a constant OCV of 3.6 V versus a Li anode, diameter was less than 20 pin and approximately one 50th of the
but hexagonal Fe2(S04)3 remained hexagonal and the OCV crystal diameter obtained by the above reflux method. The weight
decreased monotonically with increasing Li concentration. The loss on TGA profile in Fig. 1 means that the product fine particles
high OCV was attributed to the strong polarization of the oxygen are ferric sulfate nonahydrate Fe2(SO4)3"9H20. The precipitate
toward the sulfur, which lowers the covalent comlponent of the Fe- was filtered via reduced pressure and washed with alcohol. After
0 bonding. A subsequent study9 found that hexagonal Fe2(SO4)3 dehydration at 300 °C for 10 hours in air, it was identified as
may also give a nearly flat OCV curve of 3.6 V versus Li and an anhydrous monoclinic (space group P2 1/n) Fe2(SO4)3 (JCPDS
initial capacity of two Li atoms per formula unit. No.42-229) by X-ray diffraction. This synthesis method has some

advantages; rapid, cheap, no residual product except water and
In this paper, the synthesis, characterization and fine particles.

electmchemical characteists of the two Fe2(SO4)3 modifications
are presented. In an attempt to improve the rechargeability of an Preparation of hexagonal Fe2(S04)3
Fe2(SO4)3 cathode, a small quantity of LiTi2(PO4)3 was added Hexagonal (space group 0) Fe2(S04)3 can be Prepared
to provide a buffer at 2.5 V against the extrusion of metallic iron. d rd
In addition, the OCV of Li3+xFe2(PO4)3 was obtained to see the by three methods. The first is dehydration of as-received ferric
effect of the polyanion P04 versus S04 on the energy of the sulfate hydrate, Fe2(SO4)3ynH20 (Kanto Chemical). The TGA
Fe3+/Fe2+ couple. result of Fe2(SO4)3"nH20 showed more than 250 °C is necessary

to remove the crystal water from the Fe2(SO4)3 host matrix9 .
Anhydrous hexagonal Fe2(SO4)3 was obtained by heating as-

SRLreceived Fe2(SO4)3"nH20 samples at 250 °C for several hours inair, followed by heating in a sealed quartz tube at 600 °C for 20
Preparation of monoclinic Fe2(S04)3 hours. A simple one-step heating of the hydrated ferric sulfate in

flowing Ar or vacuum was tried at several temperatures T < 600

Monoclinic Fe2(SO4)3 was prepared according to Long10  °C, but all attempts failed to yield a single hexagonal phase.
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TO OTA
The second method involves a themul decomposition of i20 20

ammonium ferric sulfase, NH4F(S04)2-I2H20: To .............. 7 -----------
100 15I

2NH4FC(S04)2 12H20 so : 10

-- Fe2(S04)3 + 25H2OT + 2NH3T + SO3T 0 - -793%
(41.5w/o) (46.7w/o) (3.5w/o) (8.3w/o) 9 s4o DTAo

Hexagonal Fu2(S04)3 was obtained by heating NH4PC(S04)2 240 0

12H20 (Kanto Chemical) in an alumina crucible for 15 hr at 500 5 -5
oC in Ar. In this reaction, Ar atmosphere is required to prevent the 0
formation of F6203. The synthesis temperature was determined NH4Fe(S.4)2o12t4
from the TGA curve of NH4Fe(SO4)2-12H20 shown in Fig. 2. 10 C/tmin Ar. .15
The 57.2 % weight loss of NH4Fc(S04)2- 12H20 at 500 °C
agrees with the theoretical value (58.5 %) within experimental
er0or. The further weight loss at temperatures over 600 °C, Fig. 2, 0 100 200 300 400 500 6O0 700 am

corresponds to the thermal decomposition from Fe2(SO4)3 to Temperature [*'
FC203. FIg. 2. TGA and DrA curves of

The third method consists of a thermal decomposition of NH4Fe(S04)212H20 In Ar.

ammonium ferrous sulfate, (NH4)2Fe(SO4)2"6H20, as follows; TO

2(NH4)2Fe(SO4)2"6H20 110 100

------------------------------------------------------ s-4 Fe2(SO4)3 + 14H20T + 4NH3T + S02T 1-O--26.00%
(51.0w/o) (32.1 w/o) (8.7w/o) (8.2w/o) 90 ,49.3% 60

The heat treatment of (NH4)2Fe(SO4)2"6H20 (Kanto Chemical) 40
was done in an alumina crucible for 15 hours at 500 *C in air. In Z 70
this reaction ferrous ion is oxidized to ferric ion. The synthesis j 60 201
temperature was determined from the TGA curve of W 0
(NH4)2Fe(SO4)2"6H20 shown in Fig. 3. The 49.03 % weight 3 .. ............. 0

loss of (NH4)2Fe(SO4)2-6H20 at 500 0C agrees with the 40 -20
theoretical value (49.01 %). 30 e{SO4)2"6H20

All of these products were identified as the anhydrous 20"-

hexagonal Fe2(SO4)3 (JCPDS No.42-229) by X-ray diffraction. 10 100 200 300 400 500 600

Of the above three methods, the last one in air is the most
convenient for large-scale production. In addition, the synthesis Tompaertu rc"
temperature is not high and the operating temperature range from
450 to 550 °C is conveniently broad. We used here the hexagonal Fig. 3. TGA and DSC curves of
sample made by the third method. (NH4)2Fe(SO4)2"6H20 in 02.

Preparation of LiTi2(PO4)3 and Li3Fe2(PO4)3

Two other NASICON-related cathode materials,
LiTi2(PO4)3 and Li3Fe2(PO4)3, were prepared by high- LiCIO4 in a 1:1 (by volume) mixture of propylene carbonate (PC)
temperature solid-state synthesis: and dimethoxyethane (DME).

2TI=2 + 3NH4H2P04 + 0.5Li2CO3 Measurements

-4 i!Ti2(P04)3 + 4.SH2OT + 3NH3T + 0.5CO2T Cell performance was evaluated at various constant currents

Fe2O3 + 3NH4H2PO4 + l.5Li2CO3 at room temperature. X-ray diffraction experiments with Cu-Ka

-* Li3Fe2(I04)3 + 4.5H20T + 3NH3T + 1.5CO21" radiation at 40 kV and 40 mA were carried out during the first
cycle at the four points shown in Fig. 5; (a) the initial Fe2(SO4)3,

Stoichiometric amounts of the reactants were mixed and ground (b) the intermediate discharged state Lio.SFR2(SO4)3, (c) the full
finely in an agate mortar. The starting mixtures were calcined first discharged state Lil.5Fe2(SO4)3 and (d) the full recharged state
at 200 - 400 °C for several hours to remove NH3 and H20 and to Fe2(SO4)3 after the full discharge. The cathode pellets were
prevent the loss of Li20; the temperature was then gradually raised electrochemically charged and discharged to these states at a rate of
to 850 °C. After firing at 850 °C for 2 days with intermittent 0.05 mA/cm2 in the coin cell, and enough resting time was allowedriding, the mixtures were pelletized and further sintered at 1000 for the cells to achieve equilibrium before X-ray analyses were
C for 12 hours in air. The products were identified as initiated. Discharged and charged cathode pellets were washed

LiTi2(PO4)3 (JCPDS No.35-754, space group Rkc) and with anhydrous PC in a dry box and dried under vacuum for at

Li3Fe2(PO4)3 (space group P21/n)!! by X-ray diffraction, least 1 hour. Owing to the sensitivity to moisture, the X-ray
patterns were recorded from samples sealed in an evacuated

Cell preparations holder. The background noise in the pattern was improved by a
special configuration of the holder.

The discharge and cycling properties of these cathodes
were examined in coin-type cells. The cathode materials were RESULTS and DISCUSSION
ground to fine particles with a milling machine (Spex #8000
mixer/mill). The cathode mixture was obtained by blending Fig. 5 shows the crystal structures of the two Fe2(SO4)3
Fe2(SO4)3 with acetylene black and polytetafluoroethylene in a
weight ratio 70 : 25 : 5 and was pelletized with a hand press modifications 12 -14 . The open framework of FeO6 octahedra
having properly spaced rollers. The electrolyte used was I M sharing corners with S04 tetrahedra gives a three-dimensionally
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Monoclinic Fe2(S04)3 (after Sudreau) x I LixFO2(804)3
Fig. S. Charge-discharge profile of

nmonoclinic Fe2(S 04)3.

Discharge Capacty ImAh/ul
0 50 100 150

c/2 5,

4 Hexagonal P.2(504)3 OP

Z* 0.05 m A/c m 2

> 2 0.25 mA/cm2

= .0.5 mAtco, 2

*1.0 mfA/cm 2

*2.0 mA/cm2

/1 01
0 12

Hexagonal Fe2(S04)3  x In LixF@2(S04)3

Fig. 4. Crystal structure of th two Fig. 6. Charge-dscharge profile of
Fe2(S04)3 modifications. hexagonal Fe2(S0 4 )3.

MonoclinicI i. Ii I 1k (P21/n)
11 1111. L

connected interstitial space in which the Li* ions are highly (Pcan)
mobile. HOWCVCT, the FeO6 octahedra are isolated from oneI
another, which hindevs electron transport via the Fe3'1Fe2+ redox
couple of the Fe-ai mnn array. This situation may reduce the power
capability of the cathode. To improve the cathode properties, thle
particle size of hexagonal and monoclinic Fe2(S04)3 was reduced (a
by mechanical milling or by adopting the H202 oxidation method
ofA synthesis. Figs. 5 and 6 show, respectively, the OCV curves A0
for the monoclinic and the hexagonal starting materials; in both(b
cases, aflat curve at 3.6 Vrelative to aLi anode was obtained.

Ile X-ray diffraction patterns of Fig.?7 show the structural (cevolution of the monoclinic Fe2(S04)3 cathode, Fig. 7(a), on So
lithium insertion. The final discharge product Li2Fe2(S04) 3 is C
orthorhombic (space group Pcan) and isostructural with
Li3Fe2(P04)3 , Fig. 7(c). In the intermediiate range 0 < x < 2,
LixFe2(S04)3 contains both the monoclinic and the orthorhombic(d
phase~s,as can beseen inFig. 7(b) aswellas infetred fimtheflat
OCV curve. On recharge, the monoclinic phase is almost fully
restored, Fig. 7(d). These results demonstrate that monoclinic20 2 24 2 28 3 32 4
Fe2(S04)3 is converted reversibly to orthohombic Li2Fe2(S04)3 20[0
via a displacement transition of the NASICON framework. The
flat OCV at 3.6 V versus Ui is a consequence of the coexistence of Fig. 7. X-ray diffraction patterns of mnonoclinic
the paent Fe2(S04)3 and discharged Li2Fe2(S04)3 phases. Fe2(S04)3 during the first cycle.
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Although good reversibility at 3.6 V versus Li is proved versus Li where hexagonal LiTi2(P04)3, Rkc space group,
for 0 < x < 2 ini LixFe2(S04)3, an abrupt voltage drop occurring coexists with orthorhombic Lil.STi2(P04)3, Pbca space group15.
for x > 2 is irreversible. Suspecting the reduction of iron to the Fig. 9 shows the OCV curve for a 20 - 80 w/o mixture of
elemental state, we sought to protect the cathode from this reaction LiTi2(P04)3 and Fc2(S04)3 in the initial cathode; the 3.6 V
by introducing hexagonal LiTi2(P04)3 as a buffer. As shown in plateau is followed by a 2-5 V plateau versus Li as anticipated.
Fig. 8, LiTi2(P04)3 exhibits an OCV with a plateau at 2.5 V Although a loss of capacity was still observed in the second cycle,

there was no further loss in capacity in the third cycle. This
Discharge Capacity fm~h/9J preliminary result is encouraging anid suggests that a more intimate

mixing Of the LTIM2(P04)3 and UTi2(P04)3 starting phases may
0 so 100 150 improve the reversibility of theelecuaode

Lll ,xT12(P04)3 Finally. the behavior Of Li3Fe,2(P04)3 as a cathode was
4J investigated. Fig. 10, to determined the influence of a charge of

E ~polyanion from (S04)2- to (P04)3 - on the Fe3+/Fe2 + redox
3 - potential. The Fe2(P04)3 framework was expected to accept four

2.5 V- Li atoms, but Li4+xFe2(P04)3 apparently transforms to a
structure that accepts 4.5 Li atoms, Fig. 10. A plateau at 2.8 V

2 0.05 mAlCM2  versus Li shows a shift in the redox potential ofO0.8 V. This result

%05mAicrn 2  is compatible with a smaller plarization of the 02. ions towards P
1*1.0 mA/cm2  (V) than S (VI); the OCV of 3.0 V versus Li for LixFe2(M04)3,

01 -*2.0 .mAtcm2  M = Mo or W, indicates an intermediate polarization.

1 0 1 2

x In LliI+xTI2(P04)3 CONCLUSIONS

Fg. . Charge-discharge profile of LiTi2(P04)3. Both monoclinic and hexagonal forms Of Fe2(S04)3 have
been shown to give a flat OCV of 3.6 V versus LA on insertion of

Li toIA2F2(SO)3The flat OCV reflects the coexistence of two
Discarg Capcit Im~/91phases, and the phase transition is reversible. To prevent

0 50 100 150 decomposition with the extrusion of elemental iron on rapid
5 .discharge, Fe2(S04)3 was mixed with LiTi2(P04)3, which

F02(S04)3 + LM2(P04)3 (60:20) provides a Ti4'+/Ti3 + redox potential at 2.5 V versus Ui to act as a
4 buffer. Preliminary results are encouraging. Finally,

E ~Li3Fe2(P04)3 was shown to have an Fe3+/Fe2 + redox energy 0.8
30.25 mA/cm2  Vhigher than that of Fe2(S04)3.
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Abstract the single phase lithium manganese oxide having the
spinel structure with various y values. The details of

Submicron powders of LlMn204 with spinel struc- this synthesis will be reported separately.
ture were synthesized by a wet chemical method, the The powders were characterized by SEM (JEOL 35) and XRD
index x being the lithium content in the starting (Philips, PW 1840, CuK&).
precursor materials. The kind of powders formed depends Prior to being used as an electrode, all the LlxMn204
on the value of x, and can be divided Into three powders were dried at 150 °C for 24 hours to remove any
compositional regimes as determined by )RD. These are: water contamination.
a-Mn203 + LiMn2O4, LlxMnaOt4 (isxsl.5), and Lil.sMn2O4 + The electrochemical properties of the powders were
LlaxnO3, for xsl, lxsl.5, and xal.5, respectively. The studied In a galvanic cell which comprises
electrochemical properties of the powders were studied
In a galvanic cell LI/iM LiAsF6 In PC+IME/LixMn204. The Li/IM LiAsF In PC+DME/LixMn2 04
lithium chemical diffusion coefficient 6, the Warburg 6
impedance Wc, the relative capacity of the cell, and In particular, the following parameters were
the Internal resistance of the cell Rt were obtained. determined:
Two maxima versus composition are observed In all (1) the lithium chemical diffusion coefficient D In
measurements, and are explained by Interfacial defects the cathode material using the Galvanostatic Inter-
formed In the two-phase systems LIUn204 + a-Mn203 and mittent Titration Technique (GITT) [11] (Galvanostatic/
Li1.sMn204 + LI2MnO3. Potentiostatic System Modes 273 Princeton Applied

Research). It was assumed that at a voltage variation
of less than 5 mV per day the system was at

Several cathode materials for thin film equilibrium;
(2) the diffusional behavior (W0) In the AC response

rechargeable lithium batteries are known. Among these, using Impedance Spectroscopy (Solartron 1255 Frequency
the transition metal oxides show very promising results Response Analyzer and a Soartron 1286 Electrochemical
11-73. The lithium Ions are assumed to intercalate Interface). The impedance data were measured at the
easily into the host lattice of the oxide. Due to equilibrium potential, I.e. under conditions of the
environmental demands manganese dioxides appear to be absence of a DC current. In order to achieve this, the
the most promising of these transition metal cathodes. open circuit voltage was measured and subsequently a
Manganese dioxide appears In several different lattice oenaciru voltage was a sured and suseqety astrctressuh s ~Mn2,v-M~a an AMn2, llof negative voltage was applied to the system by thestructures such as 13-M•02, y-MnO2, and A-Mn02, all of Electrochemical Interface. In the Instance of a very
which are able to intercalate lithium ions. The A-MnO2 Ele l Int e the instane of avsmall current, the system was assumed to be at
Is of the spinel structure and does have much equilibrium. The Impedance data were analyzed using a
interstitial space for lithium Ions to be intercalated non-linear least-squares (NLLS) computer fit program
[8]. This A-MnO2 has shown intercalation concentrations developed by B.A.Boukamp [12];
of lithium ions up to a mole ratio of unity, I.e. (3) the relative capacity using the same Galvanostatic/
Lif9n204. where Mn2O4 refers to the spinel structure Potentiostatic system combined with an X-Y recorder.

91.The scan rate was I mV/s.
It Is well known that the size of the primary particles (4) the Internal resistance of the battery Ri by
affects strongly the diffusion behavior of the lithium
Ions [8]. In fact, the smaller the primary particles measuring the current and voltage drop during

are the higher the diffusion coefficient becomes. Rapid discharging the cell.

diffusion of lithium Ions In the cathode material Is
highly desirable for good battery operation. 3. Results and Discussion
Here we report on the results of a wet-chemical .R l d u
synthesis of submicron powders of lithium manganese 3.1. Structural characterization of the lDowders
oxide with the stoichlometry LiyMn204, and with y
ranging from I to almost 1.5. The powders are 3.1.1 Xijy diffraction ()RD
characterized by X-Ray Diffraction (XRD) and Scanning
Electron Microscopy (SEM). The lithium diffusion The kind of powder formed depends on the nominal
coefficient is measured using Galvanostatic value x In LixMn204, and can be divided Into three
Intermittant Titration Technique (GITT). regimes as determined by XRD (Fig.l). These

compositional regimes are: a-Mn203+LiMn204, LiyNn2O4

.Experimental Asects (lsysl.5), and Lil.sMn2O4+Li2MnO3, for xsl, lsxsl.5,
and xatl.5, respectively. As a result, the color of the

The submicron powders were synthesized by a novel products changes from black to orange on going to
wet chemical route using manganese acetate and lithium higher nominal x values. Note that a-Mn203 as well as
hydroxide with various ratios of Li/Mn (1/2x) [101. A the spinel LiyMn204 is black. Thus, It becomes possible

calcining step of 600 °C Is used to oxidize the to synthesize powders of LiyMn2O4 with the spinel
precursors. For the chemical composition of the powders structure with y ranging from 1 to almost 1.5. Higher
the nominal input concentration ratio Li/Mn of the values of x consequently result In the formation of
starting materials, I.e. LixMna•4, Is used for co-deposits of Li2MnO3. Lower values of x result In the
simplicity. Hereafter, the material Liy~M204 refers to formation of a-Mn203 In addition to LiMn204.
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X: Mn203 Another striking phenomenon is the appearance of two

I: LIn maxima in the lithium chemical diffusion coefficient as
OL1Mn0 a function of the nominal value x. These maxima appear

, *:LI2MnQs near x-0.75 and near x-1.75. From XRD data It was shown
30 that at these nominal concentrations a two-phase system

S 1occurs of either a-MnaO3 in addition to LitnaO4. or
LiyMna04 (lsysl.5) In addition to LiUM03. Since these
co-deposits were a result of a proper choice of the
amounts of the starting materials, they were highly

1.25 0 0 0 dispersed into the matrix of the spinel. In the
' -Instance of composite Ionic conductors, which are

composed of a two-phase system having an inert oxide

x _ with a high surface area In addition to an Ionic
_ x. 00 xconductor, enhanced ionic conductivity has been

observed [16-18]. Even two orders of magnitude in the

15 20 25 30 35 40 45 50 55 60 enhancement of the ionic conductivity In LiX(AI203) (X

2 theta is an halide) has been reported. The mechanism of the
ionic conductivity enhancement is suggested to be the

Fig.l. XRD-spectra of the synthesized powder with formation of highly conductive interfacial regions
nominal values of x In LlX Mn204 as Indicated. between particles of the two phases. The maximum

conductivity appears at about 25 m/o of the second

phase in the composite conductors. The maximum
diffusion enhancement In the present case agrees quite

3.1.2 Scanni3 electron microscopy well with the 25 m/o of the second phase of either
a-Mn203 or LIzHnO3 relative to either LIMnaO4 and

The primary particle size of the powders is in the LI3*n04 (l<y<l.5), respectively. While at x-0.75 and
order of 0.6 #Am as can be seen in the SEN micrograph x-1.75, the lithium chemical diffusion coefficient
shown In Figure 2. The particle size did not depend reaches maximal values, the further addition of the
strongly on the nominal value of x. second phase component, relative to the amount of

Liy~n204 spinel, consequently results in a predominant
presence of this component, and, hence, a decrease of
the lithium chemical diffusion coefficient due to the

lower bulk diffusion of this Inert second phase

component.

3.2.2 The relative capacitance

A typical cyclic voltammogram is plotted In Figure

3. The voltage separation between the peaks In the
oxidation and in the reduction scan is a measure of the
polarization. The higher the separation the higher the
polarization, and, hence, the chemical diffusion
coefficient. For the nominal value x-0.75 this
separation is the smallest. In addition, the area
covered by the cyclic voltammogram represents the
capacity of the cell during oxidation and reduction

because the Y-axis represents the current and the
X-axis measures the time Interval of the cycle. The

S2 LH |relative capacities of the cell as a function of the

nominal value x are gathered in Figure 5. Two maxima
Fig. 2. A SEM micrograph of a typical Lix Mn24 powder. appear near the same x-values as observed for the

lithium chemical diffusion coefficient. Some other

factors such as the electrolyte resistance, the
3.2. The electrochemical oroverties interface between the electrolyte and the cathode as

well as the anode will also Influence the cell
3.2.1 The lithiul chemical diffusion coefficient P capacity. However, impedance analysis do not support

this as will be reported In a separate paper [19].
The lithium chemical diffusion coefficients are

gathered as a function of the nominal value x In Figure
5. The lithium chemical diffusion coefficients are 3.2.3. 32M diffusional behavior
greater by at least one order of magnitude with respect
to the lithium chemical diffusion coefficients obtained Figure 4 shows an example (x-1.25) of the
by solid state reaction reported in [8,13,141, I.e. recordedimpedance spectra. The Impedance of the cell Is
about Sx09 cm 2/s. The valqes obtained here range from composed of a double layer capacitance, a charge

3.3x10- cm /s to 7.7x10- cm/s. In addition, the powder transfer resistance, and a Warburg impedance of both
made by solid state reaction reveals lithium chemical electrodes. However, the Warburg impedance of the

diffusion coefficients which are almost Independent of lithium metal electrode is neglected. In addition to
the primary particle size (13-151. The variation in these electrode Impedances, the electrolyte contributes
primary particle size was reported to be determined by a resistance to the system. Therefore, a simplified

the calcining temperature 115]. The primary particle equivalent circuit as shown in the insert of Figure 4

size here was observed to be about 0.6 pum as already has been taken to fit the impedance data using NLLS
mentioned above. Therefore, the enhancement In the fitting. Figure 4 shows the experimental data as well
lithium chemical diffusion coefficient cannot be as the fit results. The values of the reciprocal
related to the primary particle size but Is probably Warburg impedance as a function of the nominal value x
due to defects on the particle surface, like are gathered in Figure 5. Qualitatively the reciprocal
composition inhomogeneities, nonstoichiometry, and poor Warburg prefactor is proportional to the chemical
crystallization. diffusion coefficient. Figure 5 clearly shows this
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proportionality. In fact, the results of the Warburg 324 Te Internl resistance
impedances support the observations of the chemical
diffusion coefficient by GITT. The Internal resistance Ri was calculated using

Equation (1),

LCV (R'Ioc-- o-v i+1 (1)

with LCV. OCV, I and Ri the load circuit voltage, the
open circuit voltage, the current, and the Internal dc
resistance, respectively. The inverse internal
resistance represents the battery conductivity and is,
therefore, a measure of the diffusion of the conductive
species. The calculated values are gathered In Figure
5. Again, two maxima are observed near the same

6 x-values as mentioned above. Hence, the Ri

C measurements, too, support the concept of enhanced
chemical diffusion coefficients.

0

C.) -6
, AM I/ /W Cap.

2 2.5 3 3.5 4 45

potential, V -S" I

Fig.3. Cyclic voltammograms of the cell as given in the -
text, with A x=O.75 and B x=l.5 In LI xn20 . +: D

X 2 4 +

x: 1/RI

5000 _*: 1/W
U: Cap.

*:exp. +:flt

4000 0.5 0.75 1 1.25 1 5 2 2.5

nominal x-value In LixMn2 4

3000 Fig.5. The lithium chemical diffusion coefficient 5,

1 the cell capacity Cap., the reciprocal Warburg
impedance W , and the reciprocal internal resistance

2000O ff R as a function of the nominal value of x in

#Cad R C LiMnO2SCad cdx2 ,

1000 ,I0 x Dw

# 4. Conclusions

0 " ' - - . ' - ' ' Submicron powders of LixMn2O4 with nominal values of
0 2000 6000 10000 O<x<3 are synthesized by a wet-chemical technique.

Z' Three regimes can be distinguished: ,,-Mn203 + LiMn2O4,

LiyHn204 (lsysl. 5), and LlyHn204+Li2MnO3, for xsl,
Fig.4. A typical impedance spectrum and NLLS fit result lSxSl.5, and xal. 5, respectively. The chemical
of the cell as given in the text, with x=1.25. diffusion coefficients are at least 10 times higher
The insert shows a simplified equivalent circuit of the compared to 6 values of powders made by solid state
galvanic cell with V the externally applied voltage, Re synthesis techniques. In addition, an interfacial
the resistance of the electrolyte, Ra and Rc the charge diffusion enhancement has been observed in two
transfer resistances of the anode and cathode, respec- two-phase regions near x-0.75 and x-1.75. The cathodes
tively, Cad and Ccd the double layer capacitances with these nominal compositions showed an improved
between anode or cathode and the electrolyte, respec- reversibility, a higher capacity, and a lower Warburg
tively, and Wc the Warburg impedance of the cathode. impedance.
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Effect of Cell Design on Cycling Life and Safety Behavior of
Rechargeable Li/LixMnO2 cells

Y.Gerawv, L.Mmgerkakl, I.Yamkpqv amd P.Dan
Tadira Dattery Dlvibi

P.O.Bez 75, Rabevet 76140, Israel
Abinaft& A standard version of 0.75 Ah AA size cell specified as TLR-

7301 was used for all safety tests. The safety behavior of the
charged cells was studied at different amount of accumulatedThe effect of cell design on cycling life of LixMn02 AA cells is cycling capacity. The short circuit test was performed by cell

studied It is found that an increase in depth of discharge of Li shorting through 0.01 ohm. Cell current and temperature were
anode from 2296 to 38% reduces the figure of merit from 80 to recorded simultaneously. Overcharge and overdischarge were
60. At lower d.o.d the cells can be cycled about 300 times with made at a constant current of 1000 mA by using a ten volt
60/250 mA. A substantial improvement of the cycling life at power supplier.
low discharge rates is obtained by using charge current
densities of about 0.1 mA/cm2 . The safety tests at abuse Remits mid dsc Ion
conditions show that the cells are safe independently on the
accumulated capacity during cycling. Effect of lithium depth of discharge on its cycling efficiency

According to the well known equation, the relationship
Intreducton between the accumulated capacity during cycling and cycling

efficiency of the Li anode, E, res. the figure of merit, FOM , is
In a previous communication [i] we showed that LixMnO2 given by:
cathode can be cycled more than 500 times until the cathode Qa Qez /(1 - E) (1) respectively,
capacity decreases from 170to 120 mAh/g. In a practical cell Qa9-Qex* FOM (2)
e.g. in AA size this number of cycles drops substantially due In these equations the accumulated capacity, Qa is expressed
to a limited efficiency of the Li (metal) anode. as a sum of discharge capacities, q during cycling until the cell
A tremendous number of publications [2,3] was devoted to capacity drops to 65 % of its capacity at the second discharge;
this problem. However the key to reac'. the maximum Li Qex = Qo - QI where Qo is the capacity equivalent to the
efficiency in practice is still not found. On the other hand weight of the Li anode in the AA cell and Qi - the capacity
safety of lithium(metal) rechargeable ells is still the subject used for lithietion of LixMnO2 cathode during the first
of many concerns [4,51. It is quite probable that the safety discharge. A typical value of Qi for our cathodes is 0.17 Ah/g
behavior of the Li secondary cells is closely connected to the The expression (1-2) implies that for a certain electrolyte and
Li cycleability and it is ruled out by the similar mechanisms. at a constant cycling conditions the value of Qa should be
A recent study of Pasquariello et al [6] have shown that independent of q if the Li cycling efficiency does not change
lithium does not contribute essentially in the heat evolution during cycling.
and that safety problems are mainly provoked by the It was of our special interest to understand how the depth of
electrolyte decomposition. These findings change a common discharge of Li I s LixMnO2 c aff e Liunderstanding about the role of Li in the safety events of Li dicag fL n AA size ei~O ells afects. theL
recharges able cells t cycling efficiency. Fig. I presents this dependence for the
rechargetsab g cl s t : ocells with different variation of d.o.d. The depth of discharge
This study is aiming to study: i) how the design of LixMnO2 is calculated from the expression qa/ (Qo- Qi ), where qa is
rechargeable AA size cell affects the Li cycling efficiency and the average discharge capacity determined by dividing the
ii) in what extent the accumulated capacity, respectively the Li accumulating cycling capacity by n.
surface influences the safety behavior. It is obvious from Fig. I that the cycling efficiency,

respectively. FOM strongly depends on d.o.d. The relationshipExperlinestal between d.o.d. and FOM is linear in all range of studied d.o.d.
" AA ells with various anode to cathode cpity A slight deviation from linearity was observed at higher d.o.d.

"Jelly roll" A cAn increase of d.o.d. from about 22% to about 38% gives rise
ratio and a layer of "Celgard" separator were built in diy to a decrease in FOM from 80 to 60 resp. the cycling
room. The different depth of discharge (d.o.d.) of the cells efficiency, E from 0.987 to 0.983. According to eqs I and 2
were obtained (for the same cathode mixture) by changing the the cycling number also decreases with d.o.d which is
cathode thickness respectively, the length of the rollon. The presented in the same figure.
thickness of the Li foil was the same for all versions. The A similar relationship was reported by Makrides et al [7] and
charge/discharge current density was the same for all cells and Post and Takeuchi [8] for the AA size Li/TiS2 accumulators.
equal to 0.3 mA/cm 2 during charge and 1.0 mA/ 2 during For elucidation of the reasons for the discrepancy between the
discharge. Cycling was performed galvanostatically in a requirements of eq.l and the experimental results obtained
voltage limit of 2 to 3.4 V. (Fig.1), the cell impedance at 1000 Hz was followed
A nondestructive method was employed to investigate the simultaneously during cycling. In order to consider a
state-of-health during cycling of cells with different d.o.d. The contribution of each electrode impedance to the overall cell
method consists in measuring the cell impedance at 1000 Hz impedance , preliminary impedance measurements at OCV of
with a home made instrument, the charged cells in the range of 100 kHz to 0.1 Hz were
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performed by using a Li/Li+ reference electrode. It was Sqfrty behavior at short circiit at different Qa
observed that at 1000 Hz the impedance includes the In a series of papers [11,121 it was demonstrated that the
electrolyte resistance and part of the anode impedance. The probability of safety hazards for Li/LixMnO2 and Li/MoS 2
cathode impedance was negligibly small, accumulators increases with cycle number. Recently Laman et
Fig.2 presents the cell impedance Zgnoo) as a function of the al [131 presented data showing that the termal stability of the
accumulated capacity during cycling at three different d.o.d. of cells decreases with accumulated capacity and only by using a
30, 38 and 47 %. As one could see from the figure the rate of safety low melting separator the peak temperature at short
impedance change with cycles is comparatively small in most circuit experiment could be kept below a critical temperature
part of the cycling life until a critical value of accumulated at which explosion can occur.
capacity is reached. Then at a certain amount of Qa a steeper Fig.6 presents a dependence of the peak temperature on
increase of Z was observed. The increase of cell impedance accumulated capacity, Qa of our TLR-7301 Li/LixMnO2 cells
coincides well with a higher rate of capacity dropping in the at short circuit through 0.01 ohm.The cells were prepared only
end of the cycling life (Fig 3). This led us to a suggestion that with one layer of standard "Celgard" separator and were
the anode is responsible for the observed increasing of cell cycled as was described in the experimental. A very small
impedance . Post mortem analysis of the cells confirmed our increase in the peak temperature with accumulating capacity
prediction. It was found that independent on the d.o.d. applied was found. An appreciable dropping of the peak temperature
during cell cycling, the bulk Li was nearly completely at short circuit was observed approximately after a half of the
exhausted and the anode lost its integrity even in the cell accumulated capacity probably because of cell impedance
containing enough electrolyte after long cycling.Therefore the increasing (see also Fig.3). However even at the highest peak
reduced amount of Qa found at higher d.o.d. is because of temperatures neither explosion or opening vent with fire were
lower Li cycling efficiency as was shown in Fig. i. The observed demonstrating very high safety reliability of our cells
mechanism of this process is under investigation, and its independence on the accumulated capacity during

)'cling l#e at some special conditions cycling. Similar to the finding in [61 this results suggest that
It is well known [9,10] that lithium rechargeable cells the contribution of Li in the heat evolution is negligible if
substantially reduced their cycling life at low discharge rates other factors as e.g. electrolyte decomposition could be limited
e.g. 15-20 hrs. Fig. 4 presents the results of cycling test of during abuse conditions.
TLR -7301 cells at 40 mA discharge and 60 mA charge. All The preliminary short circuit test (Fig. 7) of a 2,5 Ah C size
cells completed their life after 50-60 cycles because of much cell showed similar to that of AA size cell behavior. The cell
higher than permitted 10O/O difference between the charge and was tested after 10 cycles. The temperature was less than
discharge capacity. This is considered [91 as an indication of a I lOOC when a smooth opening of the vent occurred.
soft short circuit because of dendrite formation.. An Compared to published results for C size Li/LiMoS 2
improvement in the cycling life was obtained by using of a rechargeable cells[141 no external cooling or fuses were used
special separator (curve 2). Following findings of Juzkow in this experiment.
[101, we cycled the cells with a charge current of 20 mA It is expected that the relationship between the peak
instead of 60 mA keeping the same discharge current of 40 temperature and accumulated capacity for our C size
mA. The results are summarized in curve 3 at the same figure. rechargeable cells is similar to that presented in Fig. 6. The
After 6 months the cells are still cycling collecting 170 cycles experiments to clarified this dependence are well under way.
with an accumulated capacity of 120 Ah without appreciable Safr test at overcharge and overdischarge
disbalance between charge and discharge capacity. Fig. 8 shows the behavior of the cell at overcharge under a
Considering a very low rate of impedance change in the last constant current of 1000 mA. The maximum temperature
100 cycles (see the same figure) it would be predicted that the measured at the can was 120*C. At this moment of the peak
cells could reach a cycling life close to that at the standard temperature cell voltage raised to the cut off voltage of the
regimes( see also Fig. 2 and 3). This drastical improvement in chatger of JOV. The cell was kept at ctis voltage about 30

the cycling life supports an idea that the formation of a thick min. more and no events were observed. By that time the
passive layer on the Li surface during a long discharge is temperature dropped and the charger was disconnected.
responsible for the dendrite formation and it could be No events were observed also at 300-500% overdischarge with
overcome by reducing the charge current density to a value of a current of 1000 mA. The cells exposed to these tests were
about 0. 1 mA/cm 2 . not protected by electronic devices and reached in some cases
One of drawbacks of the Li rechargeable cells is their shorter -10 V without hazards.
cycling life at temperatures about 0 and 50 oC. Fig. 5 presents Crush tests to 30/ of the o.d. and nail penetration were
the results of cycling tests of TLR-7301I at 0oc and 45°C. The Cuhtsst 0 fteod n alpntainwrtheresultsfcycling wast performed1 at te s o ndts a C aTh r performed and no fire, explosion or cell decomposition werecycling was performed at the same conditions as at room obevd

temperature (60/250 mA). Because of higher electrolyte
resistivity at OOC the cell capacity was reduced by about 30% Concusions

Nevertheless more than 120 cycles were obtained at this
temperature. After end of life the cells kept their reliability for AA size Li/LixMnO2 (TLR-7301) rechargeable cells with

cycling at RT delivering the remaining accumumited capacity. maximum specific energies of 290 wh/l and 125 wh/kg were

Probably because of some acceleration of the passivation developed. The cells can be cycled at room temperature

processes on Li and the electrolyte decomposition at higher between 2 and 3.4 V more than 300 times at 3 hours

temperature the cycling life at 450C is reduced to about 150 discharge rate and about 150 times at 0 and 450C. An average

cycles, rate of capacity decline of 0. 12 % per cycle was measured for
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the most part of the cycling life.
AA size Li/LixMnO2 (TLR-7301) rechargeable cells 130 450
demonstrated safe behavior at abuse conditions as short
circuit, overcharge and overdischarge as well as at crush and
nail penetration. The preliminary tests with 2.5Ah C size cells 0 i1o0.. 5
showed also very safe behavior. UL .-

Refereces 90 I 250>

0
I. Y. Geronov, P. Dan, E. Mengeritski, Ext. Abstract 6th

IMLB, Munster, Germany (1992) 70 150
2. M. Abraham and S. B. Brummer, in Lithium Batteries (Ed. ._ 1 150

J. Gabano), Chap. 13 (1993)
3. M. Abraham, Electrochimica Acta, 38, 1233 (1993) 5
4. K. Brandt, 5-th International Seminar on Li Battery 50 - 50

Technology and Applications, Deerfield Beach, Florida, 20 25 30 35 40 45 50
March (1991) Depth of discharge, %

5. D. Fouchard, K. Brandt, L. Lechner, Ext. Abst. 180th Fig. 1. Effect of depth of discharge, d.o.d., on Figure of
Meeting AES, Phoenix Ar (1991)

6. P. M. Pasquariello, K.M. Abraham, E.B.Willstaed, D. Merit, FOM, and cycle number

Chen and S. Surampudi, Proc. Symposium on Li Batteries,
ed. V. Koch, p.v. 93-24, p.106 (1993) 0.5

7. A. C. Makrides, K. M. Abraham, G. L. Hollek, T.H.
Nguyen, R.J. Hurd, 34th Power Sources Symp. p. 167. 04I

Pennigton, New Jersey (1990) E 0 i o
8. ]. Post and E. S. Takeuchi, 35th Power Sources Symp., r- I I DOD.38%

Cherry Hill, N. J. (1992) o0.3 - ---- -.-
9. K. Brandt, M. Juzkow, Ext. Abstr. 5th IMLB, Beijing, F

China p. 180(1990) i .
'.OM. W. Juzkow, Ext. Abstr. 178th Meeting AES, Seattle, W 10.2 -e F, I I ,

WA(1990) DO) 0
1l. D. Wilkinson, J. Dahn, U. v. Sacken, D. Fouchard, Ext. • 0.1

Abstract 178th Meeting AES, Seattle, WA (1990) N I
12. L. Lehner and H. Woo, Ext. Abstract 180th Meeting AES, 0

Phoenix Ar (1991) 0 50 100 150 200
13.F. C. Laman, Y. Sakurai, T. Hirai, J. Yamaki and S. Accumulated capacity, Ah

Tobishima, Ext. Abstract 6th IMLB, Munster, Germany Fig. 2. Change of impedance at 1000 Hz with
(1992). accumulate ca p a c e a t 1 0 z w t

14. K. Brandt, D. Fouchard, J. A.R. Stiles, Proc. 31th Power accumulated capacity at different d.o.d.
Sources Symp., Atlantic City, New Jersey(1984).

950 I

850

650

t 550

450

350 - i L
0 50 100 150 200 250 300 350

Cycles

Fig. 3. Capacity - cycles dependence for AA size
Li/LixMnO2 cells at different d.o.d.

120



950 0.2 30

900 0.19
850 0.18 Z U

E 20
0Openel Vent
C750 M 15 60

cc 0.160

,) 700 __0.15 U 10
650 "-0 0.14 N

600 /0.13

0 50 100 150 200 0 0

Cycles 0 2 4 6 8
Fig. 4. Effect of low discharge rate (40 mA) on cycling life. Time, min

Charge currents: I - 60 mA; 2 - 60 mA (special Fig. 7. Short circuit of a 2.5 Ah C-size Li/LixMnO2 cell.
separator); 3 - 20 mA.

900 .. r .
12 -.- .---------------------------------------------- 180

800 1, -- 150

E 700 450 C >E: 700 .. • 8 .............. --------------------- -------..i '' 120 °0

O. . L. I
600

CI >
U 0006 4 ---- -------- ---- 6

500 U

400
0 50 100 150 0 0

Cycles 0 60 120 180

Fig. 5. Cycling of TLR-7301 at 0°C and 450C. Time, min

Fig. 8. Overcharge at 1000 mA after 60-th cycle. Power

160 supply - IOV.

, ,

0.

3 1-280

E

a. 40 - a

0 40 80 120 160 200

Accumulated capacity, Ah

Fig. 6. Effect of accumulated capacity on peak temperature
at short circuit test of AA size Li/LixMnO2 cells.

121



HIGH RATE BIPOLAR LrrHIUM-ION BATTERIES

Sohrab Hossain
Yardncy Technical Products, Inc.

82 Mechanic Street
Pawcatuck, CT 06379
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Abstract The inherent cinwracteristics, e. g., slow intercalation process,
organic electrolytes of relatively low ionic conductivity and non-

Lithium-ion rechargeable battery system has been examined in a metallic electrodes make the Li-ion system a relatively low rate
bipolar configuration using petroleum coke and graphite anode and system.
LiCoO2 cathode materials in I M LiCIO, (PC/DME or EC/DMC)
electrolytes. The continuous and pulse cycling behavior was The rate of any battery system can be improved through the

evaluated. The effects of overcharge and overdischarge on improvement of mass transport behavior (ionic path) and/or design

iewformance was also examined, parameters (electronic path). In an attempt to improve the rate
capability, Li-ion battery system has been examined in a bipolar

Introduction configuration. In bipolar design, there is

Since the first announcernint of its commercialization, lithium-ion 0 no bus bars or intercell connectors
rechageable battery system has received considerable interest. The
use of carbon materials as anodes instead of metallic lithium 0 insignificant resistance losses along or across electrodes
provides excellent cycling efficiency and safety characteristics of
the system. Li-ion moves back and forth between the lithiated 0 minimal resistance losses in between cells, and
transition metal oxide cathode and carbon anode in the presence of
aprotic electrolyte during the charge/discharge process and no 0 uniform current and potential distribution.
metallic lithium is plated.

The unique combination of the above characteristics minimizes
Cathode reaction: uneven utilization of materals and prevents polarization losses that

could lead to direct plating of metallic lithium on the carbon rather

charge than intercalating into the electrode structure particularly at
LiMO2 T -3 Li,.-M0 2 + xLi" + xe relatively high rate. Li-ion system in bipolar design is suitable for

discharge continuous high rate and high pulse power applications.

Experimental
Anode reaction:

charge The carbon materials used as anodes in this study were either
C + xLi" + xe" LiC petroleum coke (Conoco) or graphite (Lonza). The active carbon

discharge material was mixed with 5% polyvinyledene fluoride (PVDF) in
cyclopentanme and spray-coated on copper substrate. The positive

The Li-intercalation process involves three principal steps: electrode was made from a mixture of LiCoO2 (Johnson Matthey),
carbon black and either PVDF or TFE binder. Microporous

"* diffusion or migration of solvated Li* ions to the polypropylene (Celgard 2400) was used as separator.
Helmholtz plane of the double layer at the host lattice

The electrolyte was IM LiCIO, either in a mixture of propylene
"* desolvation and injection of Li* ions into the vacancy carbonate and ditnethoxyethm (1: 1 v/v) or ethylene carbonate and

structure at the near surface of the host, and dimethyl carbonate (1:2 v/v). The electrolyte was stared under
lithium chips at least 48 hours prior to activation of the cell. The

"* diffusion of Li* into the bulk of the host lattice. water content of the electrolyte was less than 20 ppm (by Carl
Fisher Coulometer).
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Figure I shows the arrangement of a single cell Li-ion system in The electrochnical meinmens for single cells were carried out
bipolar configuration. The negative and positive electrode plates using a Maccor 32-station cycler programmed with a computer to
(end plates of a true bipolar battery) were placed over each other control duty cycle and to monitor and store data. A home-made
with the separator in between them and compressed with the cycler was used for multicell bipolar battery. The single cells and
screws mrund the edges A Teflon 0-ring was used to seal the cell. multicell batteries were galvanostatically charged and discharged
The cell was vacumnm-filled with the electrolyte through an opening between a specified voltage limits.
at the top of the negative electrode plate. The opening was kept
closed with a two-way valve. The geometrical electrode area is 70 Results and Discussion
cm1.

LT w9,--, ,,Single Cell Tests(8 RI • ,,

SI• Continuous Discharge Characteristics

FILL"- (3 PI Figures 3 and 4 show the second discharge profiles of two single
VAOE COPPER ,cells made from petroleum coke and graphite anode materials,

CARBON respectively. Both the cells were charged to 4.0 V vs. Li at 1.5
o "WY• T--_CTAOM mAicm2 and then, after 5 minutes of rest period (at OCV). the cells

SEARATO were discharged to 2.75 at 1.5 mA/cm2. The cell with petroleum
EL, -C002 coke anode had delivered a capacitýy 3f 255 mAh/g of carbon with

%OvE A° °R,•ea slopping discharge profile. Much higher capacity (336 mAh/g of
oEN ATE carbon) was obtained from the cell with graphite anode and the

ES 14 •.- vT•-, o discharge profile was almost flat.

TEAWlM\A '

Fig. 1: Single Cell Arrangement

For multicell stack assembly, thin bimetallic substrate was used. 25

The copper side of the bimetallic substrate was bonded with the 2

lithiated cobalt dioxide cathode materials and the aluminum side
with the carbon anode materials. High density polyethylene
polymer ring was molded around the edges of the substrate,
which was used for insulation and seal of each cell. After
activation with proper amount of the electrolyte in argon-purge 0 o 1 W ' 21 ,1
dry room area, the multicell bipolar stack was compressed using 20 so , . 2 2, 0

a flange around the edges. The compression provides good -M/9. q...

sealing. Additional sealing was assured by melting and bonding Fig. 3: Discharge behavior of a U-ion single cell (end plates
the outside polypropylene ring. Figure 2 shows the multicell of a bipolar battery) at 1.5 mA/cmn. Cathode: UCoO:;
assembly of the Li-ion bipolar battery. Anode: Petroleum Coke; Electrode Area: 70cmn

81-POLAR LH-ION BATTERY
4

SUPPORT

"-- 4'DIA-'., - 3

INSULATOR - /ANODE- Oý
AND SEAL OPPER END
(HDPE) PLATE g 2

ALUMINUM
- 0

COPPER CATHODE- 0 100 200 300 400

ALUMINUM roooc ty (mAhr/a"

C N END PLATE
CURRENT _.

COLLECTOR Fig. 4: Discharge behavior of a U-ion single cell at 1.5
mA/cm2 . Cathode : LlCoO2; Anode: Graphite; Electrode

Fig. 2: Multicell Assembly Area: 70 cm2 .
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Pkiw DSCWh.CkaPr# ChootrUlks

The cei made with qpihiL- mode was charged at 2 mA/cm' to 4.0

V and then continuously discharged and charged between the
voltage limits 2.75 and 4.1 V for 3000 times. The cell was 3.
discharged at 45 mA/cm' for 5 seconds and charged at 5 mA/cm'
for 45 seonds. The charge/dscharge characteristics am shown in
Fig.5. Figure 6 shows the end of discharge voltage vs. cycle
number.

00 100 200 300 400

"3 CaPacity (mAhr/q)

0

2 FIg 7: Discharge behavior of a LI-Ion single cell at 2 mA/cm
(after delivering 3000 pulse cycles).

Effect of Owrdischarge/Owrcharge
0 20 40 60 80 100 120 140 160 180 200 Fig=re8shamstheeffectofoverdischargeoftheLi-ionsingle ell

Time (sec) made with graphite anode and LiCoO, cathode. The cell, after

charging to 4.1 V at 2 mA/cm' (total charge capacity - 325 mAh/g
FIg, 5: Charge/Discharge behavior of a -Iion single cell at 45 of carbon), was allowed to discharge at 2 mA/cm' for 30 minutes
mA/cm discharge for S seconds and SmA/cm' charge for 45 and then a load of 50 mA/crnm was applied until the cell went to
seconds. Cathode: UCoO,; Anode: Graphite; Electrode reversal. The cell was then again discharged at 2 mA/cm' for
Am: 70 em' another 30 minutes (total capacity delivered in this discharge

process = 153 mAh/g of carbon).

5.0
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Fig. 8: Discharge/over discharge behavior of a L-Ion single
FIg 6: End of Discharge Voltage vs. cycle number of a U-ion cell.
single cell. Cycling conditions are as in Fig. S.

The same cell was then charged at constant voltage of 4.1 V
Continuous Discharge Characteristics after Pulse Cycles (current load went up to 0.85 Ampere, 12 mA/cm') for 30 minutes

and then at 4.9 V (current load went upto 2.4 Ampere, 35
After 3000 pulse cycles, the cycling was intentionally terminated mA/cmr) for 30 seconds and finally again at 4.1 V f or mother 30
in order to exmine again the continuous discharge behavior of the minutes (total capacity in this charge process = 142 mAh/g of
cell. The cell was charged to 4.1 V and then discharged to 2.75 V carbon). Aflter overcharging, the cell was then discharged to 2.75
at 2 mA/cm'. Figure 7 represents the discharge profile. The cell V at 2 mA/cm'. The capacity delivered in this discharge process is
delivered a capacity of 334 mAh/g of carbon. 307 mAh/g of carbon. The variation of voltage and current with

time for the whole operation is shown in Fig.9.
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A four-cell stack bipolar battery was made with petroleum coke
anode and LiCoO0 cathode materals. The battery was cycled at 1.5
mA/cm2 between the voltage limits 16.4 V and 11.0 V. The
charge/discharge behavior of the battery is shown in Fig. 10. The
battery failed to cycle due to electrolyte leakage around the seal
after delivering 72 cycles.
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Fig. 10: Discharge behavior of a 4-cei stack bipolar Ul-ion
battery at 1.5 mA/cm2. Cathode: UCoO,; Anode: Petroleum
Coke
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Abms=t Develmnet Poan=

This paper reviews the development of an aluminum-air field
charger for military NiCd power packs. The electrolyte for this six
cell device is prepared in the field using water from virtually any Aluminum-air cells were developed through modeling and
source to dissolve a packet of salt. The device, filled with the experimentations to define optimum performance characteristics for
electrolyte, charges a military BB 590/U (2 Ah 24 V NiCd) Power this application. Bearing on this analysis were issues of current
Pack in 4 hours using pulse charging and a sophisticated charge density, electrolyte volume, surface area and volume of anode, anode-
termination routine. It contains no hazardous materials and it is cathode gap spacing, heat management, considerations regarding
reusable. filling and emptying, and weight and volume constraints.

Ioducion Elect s: Alcan AB alloy was selected for the anode for this
application. This alloy has low polarization loss, low self-discharge

£DM and high (70-75%) utilization efficiency in this application. The
cathode used was Alupower's AC65 gas diffusion electrode (Figure

The Special Technology Office of the Secretary of Defense for 2). This electrode consists of two layers of impregnated carbon fibers
Command, Control and Communications (OSD-C31, ST) directed the covering both faces of a nickel grid current collector. The air side is a
examination of aluminum-air technology to determine if it could be hydrophobic Teflon@ coating to prevent electrolyte leakage.
adapted for use as a field charger for Special Operations Forces. SOF
require a charger that is highly reliable but one that places little demand
on the operator so that he may attend to other business. The two Chemical Reaction Layer
charging technologies presently used by SOF, solar panels and hand Metal Grid Current Collector
cranked generators, have serious drawbacks which limit their
operational usefulness. Both require direct operator involvement Chemical Reaction Layer
throughout the charging cycle. The use of solar panels is weather

dependent. They require regular repositioning, and they risk exposing Porous Film
the operator's position to a searching enemy. Hand cranked
generators, while more covert and weather and time of day Figure 2 Cathode Composition
independent, require rigorous operator effort to use.

The concept was to design a collapsible aluminum-air device Heat Management: The chemical reactions that occur in
that could have very long shelf life, occupy a minimum of space when aluminum-air cells are exothermic, with heat and power released in
not in use, and be stored and transported safely even when carried by generally equal quantities. Heat management was achieved by natural
troops being air dropped into operational areas. The concept called for convection of the electrolyte within the cell. The results are that the
the device to be able to be filled with electrolyte and emptied in the cells reach a steady state of 420C, well below the targeted maximum
field. It was required to be capable of reliably charging a single operating temperature of 650C.
BB590/U Power Pack (2 Ah, 24V NiCd battery) with each fill of
electrolyte and have the capability of being used 7 times. Cell Construction: Analysis of cell construction methods

proved a more complicated task than the cell chemistry. To obtain the
S.surface area and the capacity needed, cells approximately 8" x 5" by

0.5" thick capable of containing 300 ml of electrolyte were needed.
Because of its high practical energy density (between 200 and Because of the large surface areas required for the cathode and anode

400 Wh/kg), aluminum-air technology has been under study and and the restrictions on the overall size of the device, it was essential to
development for military applications for several years'. An earlier minimize the amount of inactive surface area, volume, and material
development effort resulted in the design of an alkaline based weight.
aluminum-air system capable of powering an EHF satellite Three solutions were devised. Two versions feature a
communications radio.2 That research demonstrated that man portable composition skeleton frame assembly, one of extruded and the other
applications of aluminum-air technology were very feasible. of machined plastics, which serve as a housing for the anode and as a

two sided "picture" fame to which the cathode is attached to both facesThe key elements in all aluminum-air systems are the by adhesives. The third version is a single face unit of molded epoxy
aluminum alloy anode which must operate at high columbic efficiency with the edges of the cathode molded in. Two frames are fused
over a wide range of current density and an economical high together around a centrally positioned anode to form a single cell.
performance air electrode. Figure 1 is a schematic diagram of an
aluminum-air cell, with the chemical reaction at each electrode. High initial set up costs precluded furthering this line of

research beyond identifying acceptable candidate manufacturing--I Anode: AI=AI+ 3 + 3e- solutions. For the proof-of-concept prototypes delivered under the

AirCatiode contract, an unframed cell was devised. This cell consists almost
02 (air) Cathode: 02+ 2H20 + 4e- = 40H- totally of cathode material, folded at right angles at the bottom and

sides and glued to form an open, box-like envelope (Figure 3). It
Electrolyte -- Iworks so well that it may be the configuration of choice when this
Aluminumn Anode Overall: 4A] + 302 + 6H20 = 4AI(OH)3  device enters manufacturing.

Collapsblij• y: The initial concept was to design a collapsible

Figure 1 Aluminum-air Schematic unit in which at least the air space between cells could be eliminated
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when the unit was prepared for transport. Ideally, even the anode- hinged lid. (See Figure 3) To fill the charger, the soldier opens the
cathode gap (which is empty when the device is not in operation), lid exposing the openings into each of the cells, pours the electrolyte
would be closed. This seemed necessary based on early analysis into the box only needing to be careful to ensure that none of it is
which suggested the cells would need to be larger than proved spilled outside the box. The liquid will find its own way into the
necessary. cells, overfilling some and under filling others. After pouring all the

electrolyte into the box, the soldier snaps the cover down and tips the
This became less important as much thinner cells were entire charger to the side permitting the electrolyte to flow back into

required for this application (0.5") than had been anticipated and the the box finding its own level. When the unit is righted, the liquid will
required air space between them was also substantially reduced fill each cell with equal amounts of electrolyte.
(0.25"). Attempts to incorporate collapsibility within these already
compact cells caused severe problems with regard to The closed box serves as a catchment manifold and condenser
manufacturability and cost, as well as in the design of a filling and for water vapor generated during operation of the device enabling it to
draining solution. No economical solution was found at the time and return to the cells as a liquid.
that aspect was abandoned.

Power Condin aManagm
A fixed cell configuration was therefore adopted consisting of

cells 0.5" thick with a 0.25" space between them capable of supplying t D: Several methods were devised to convert
the approximately 12.5 Ah discharge at 1.0V per cell required. A the output of various aluminum-air cell configurations to the level of
header top plate was fabricated onto which the cells are mounted and power and energy required.
fastened in place with adhesives. The plate has an opening at one end
to facilitate rapid filling and draining of the cells. One method involved using 14 smaller cells. This result unit

produced 15V capable of charging the NiCd at the 3 hour rate. This
Electrolyte Developmen: Preliminary investigations led to the used a constant current charge routine to feed power to the NiCd until

formulation of a trisodium citrate-based saline electrolyte. Although it reached "saturation" at its rated capacity. This procedure works well
this met the operating requirements of the charger, testing revealed that with saline based aluminum-air technology since the aluminum-air
if the cells were not drained soon after being used to full capacity cells can be designed to specific performance parameters.
(worse case performance - charging a NiCd that had been drained
further than normal), the electrolyte gelled in the cell precluding their One excursion with this configuration explored using the
reuse. Because of the requirement to reduce the overall size of the Power Supply Adapter (PSA) to furnish more positive cutoff control
cells, the cells were configured to contain only the minimum volume and to positively reduce the charging current to 200 mA when the BB
of electrolyte. When stressed to full potential, the electrolyte 590/J voltage reaches a preset temperature compensated limit. The
performed its mission but the accumulated volume of aluminum PSA is from the government's OP-177/U Power Supply Assembly,
hydroxide in solution saturated it and precipitated as a gel. This was the kit containing the solar panel arrays and hand crank generator
unacceptable. The soldier in the field needed a wider margin for error. currently issued to SOF units. This approach was abandoned after
In addition, the total weight of trisodium salt needed to enable the repeated failures of the two PSA furnished by the government. These
chemical process in each of the seven cycles of use exceeded the were both early production items loaned to the program from a static
weight limits established for the program. It was necessary to devise display. Follow up research in this area may be appropriate in view of
an improved electrolyte, the fact that the OP-177AJ remains in the SOF inventory.

New Formula: Experiments were conducted varying the Selectd Desizn: The configuration selected for incorporation
cation in the electrolyte, varying the complexing agents, mixing of into the demonstration models employs 6 aluminum-air cells in series
complexing agents, and employment of partially neutralized citrate or to generate 6 V at 6 Amp.
citric acid. This work resulted in creation of a new electrolyte using 3
wt% sodium chloride with 12 wt% disodium monohydrogen DC1DCConversion: A DC/DC converter, designed by Wall
sesquihydrate, a commercially available salt. This new patented Industries, Inc., Exeter, NH, converts the output of the cell stack to
electrolyte not only eliminated the gelling problem during rated use of 28 Volts. The output of the DC/DC converter in series with the 6
the charger, it also reduced the weight of required salt for the 7 cycles Volts directly from the cell stack results in 34 Volts, 0.75A. This
by almost 38%. Further weight reduction of 10 % could be possible supplies the power and energy needed to charge a fully exhausted BB
should a commercial source for anhydrous citrate could be found. 590/U in about 4 hours.

Cold Weather Electrolyte: Cold condition experiments Charge Protocol: The heart of the control electronics is
corroborated that the electrolyte conductivity decreases during Integrated Circuit System's ICS 1700 Charge Controller, a 16 pin DIP
extremely cold conditions. Voltage delivered by the charger was large scale integrated circuit which uses Christie Electric Corporation's
reduced to 2.5 V. However, as the electrolyte warms up due to the patented Reflex® principle of charging and time derivative charge
heat released during the cell discharge, the voltage improves. A termination. This control module simplifies the charging task for the
special Cold Weather electrolyte was devised adding a portion of soldier. It determines autonomously when full charge has been
Sodium Hydroxide. The heat generated by neutralization of the acid attained and automatically switches to a maintenance mode. LED
and the base during the dissolution of the salts warmed the solution so displays indicate the charging activity, alerts the soldier to faults in the
that the cold start problem is eliminated. NiCd or in the connections.

Fill and Drai Mchanism Develo9I at RU1A4gU

To ensure satisfactory field performance, the charger must be CelPl HIing: A molded housing to protect the cell stack was
capable of being filled and drained easily and rapidly. The narrow cell designed to be light and rugged and ensure that the cells would be able
gap, the need for six cells, and the requirement that there be air to "breathe". This cell housing fastens to the cell top plate, a molded
space between the cells during operation of the charger compounded unit configured so that 6 cathode cell shells could be attached to it to
the issue of how to fill and drain the unit. This issue was already align them with the fill and drain openings. This top plate contains the
complicated by the need for the electrolyte level in each cell to be fill trough and space for the power management and charge control
relatively equal. An electrical shunt path between the cells was not electronics. It contains a protected area in which the connections
acceptable. The electrolyte in the cells had to be isolated one from between the anode of one cell is connected to the cathode of the
another. adjacent cell. It also provides a dock into which the power

conditioning and charge management power module can be inserted.
A simple solution was devised which accommodates a very

wide margin for error when operated in the field. A low box frame Power Management Cmpone: The concept for the charger
has been formed in the cell top plate. The box is covered with a specified that it would be discarded after its last use. However, the
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electronics are not depleted during use and are reusable almost G mentTeg•: Government testing was conducted at
indefinitely. Rather than waste these components, the design was the Electrochemical Power Systems Department, Naval Surface
modified to consolidate the electronics into a self contained module. Warfare Center, Crane, Indiana. Partially depleted and full exhausted
The cell top plate was modified to permit easy "slip in and slip out" of NiCds were charged with excellent results. One test was conducted
the module. (See Figure 3) Once a charger has been exhausted in the charging a prototype super NiCd (3.OAh) with total success. Because
field, the power module can be removed and retained for reuse with of a special interest in lead-acid batteries at Crane, one test was
other cell stacks. conducted charging a 1.8Ah BB 490/U lead-acid power pack. The

Power Module was modified in the field to bypass the ICS 1700 chip
and successfully directly charged the battery. Hot and cold testing
substantiated earhier testing results.

UserEvlatio: Demonstration models of the chargers were
field tested by soldiers of the USA Special Operations Command.
Every soldier who tested the device praised its performance and
reported that it would fill a very real need on the battlefield and that
they would like to have this capability for charging batteries in the
field. The demonstration models, however, were deemed to be too
bulky in their present prototype configuration. They recommended
that the device be repackaged as separable smaller modules for ease of
packing.

The Evaluation Report stated that the aluminum-air technology
would be a "substantial improvement" to the Special Operations
Power Sources (OP-177/U) currently fielded to Special Operations
Detachments and that it has "extremely promising potential".

Fuue Plans: Teaming partners with experience in packaging
are being sought to complete commercialization of this device. Phase
U designs now incorporate an elongated cell stack which, when not in
use, will fold flat like a book eliminating the air space between each
cell. During operation, it will fan open allowing air to circulate

Figure 3 Final Package Design between the cells. The Power Module will be a totally separate
component, capable of charging either a NiCd, lead-acid, or metalSatPces The development of the new electrolyte hydride battery. It will connect to the cell stack and to the battery by a

permitted reduction in the volume of salt needed to support the wire harness. Alternative charging protocols have been examined and
discharge process that occurs in the aluminum-air cells. It was there are many that can be employed. Efforts to marry aluminum-air
determined that 2 grams of complexing agent is needed in the technology with Electronic Power Technology's (EPTI) impressive
electrolyte for each ampere-hour discharge of the aluminum-air cell. new charging process are underway.
Sodium chloride is needed at about 3-5 % by weight to provide the
required conductivity in the cells. Measured quantities of these salts Conclusions
were prepared and placed in moisture-proof polymer film bags and
heat sealed. The heat seal is torn off in the field when the electrolyte is This development program shows that aluminum-air
to be mixed with water. To prevent any of the salt from being lost technology employing saline electrolyte can be configured
during the tearing process, the bag contains a second pressure successfully in man portable applications to meet real needs of
sensitive seal just below the heat seal. That is spread open after the customers.
heat seal is torn off, and the salt can then be poured into the electrolyte
mixing container. kcDo1WgcxI

Mixins Cnx : A collapsible opaque vinyl wide mouth
bottle is supplied. It serves as a water collection vessel, is marked for The success of this development program was made possible
measurement of the correct amount of water for each cycle, and by contributions from a host of people who became enthused with the
provides a container for mixing the salt and water prior to pouring the concept and devoted their efforts and talents to ensure success. The
solution into the cells. management, scientists and engineers of Alupower. Tom Gossie &

Bob Rex, Integrated Circuit Systems, Valley Forge, PA. Scott
NiCd Connctr: A cable with color coded plugs is supplied to Marvel and Bill Monagle, Christie Electric, Gardena, CA. Susan

connect the NiCd to the aluminum-air charger. Melvin, Wall Industries, Exeter, NH.

Testing and Evaluation

DevelovmentaI Testing: The charger supplied 2.30 Ah into the References
NiCd power packs, which produced 2.05 Ah on discharge. This
equated to about 85% efficiency. Operating the device presented no 1. J. Stannard and G. Deuchars, "Low Power Fuel Cell Study",
difficulty. It filled and drained successfully and showed tolerance for Dept. of Def., EHF Satcom R&D Project, Ottawa, Canada, August
abuse. A wide range of water quality was used for electrolyte, to 17,1990.
include muddy ground water taken from vehicle tracks at a 2. B.M.L. Rao, et al., "Aluminum-air Batteries For Military
construction site. The device worked well during hot and cold testing. Applications", Proceedings, Power Sources Symposium, Cherry Hill,
The salt packages, mixing container, and cable each work well. NJ, June 22-25, 1992.
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High Energy Density Primary Zinc-Air Battery Characterization

Terrill B Atwater Ronald A Putt Deborah Bourland and Bob Bragg
US Army Research Laboratory MATSi, Inc National Aeronautics & Space Administration

Electronics and Power Sources Directorate 430 Tenth Street NW Lyndon B. Johnson Space Center
ATTN: AMSEL-EP-PA Suite S-007 Houston, TX 77058

Fort Monmouth, NJ 07703 Atlanta, GA 30318

ABSTRACT
Design Specifications for

The ever increasing use of portable communications LC and HR Zinc -Air Cells
equipment and portable computing devices as well as
remote monitoring and sensing equipment has increased LC Cell HR Cell
the need for a high energy density power source. The
development of advanced capability zinc-air batteries Battery Surface 13 cm. x 25 6 cm X 12
helps fill the need for high energy sources that also cm cm.
supply sufficient power to operate the new generation of Active Surface 290 cm 2  55 cm 2

portable equipment. Current state-of-the-art zinc-air Thickness 0.8 cm 0.7 cm.
batteries designed by MATSI. lnc for NASA-JSC have Weight 540 g. 93 g.
been characterized for their energy and power density. Spacer 0 8 cm 0 6 cm
These batteries have achieved an specific energy of Thickness
greater than 500 W-hr/kg (520 W-hr/l) and can deliver Capacity 200 A-hr 30 A-hr
24 W/kg (25 W/1) of power at a specific energy of I _@ 2 A. 4@ 1 Aý
200 W-hr/kg. This power and energy density capability Specific Energy 440 W-hr/kg 375 W-hr/kg
makes state-of-the-art zinc-air batteries suitable for the
portable communications and electronics market Table 1. Design and performance specifications for LC

INTRODUCTION and HR zinc-air cells.

The design flexibility of this system has led to theDue to its inherent safety and high specific energy development of a third cell size which will supersede the
density, the zinc-air (oxygen) electrochemical system is previous designs. The specifications of this new cell.
a very attractive energy source However, for most designated MAC, are shown in Table 2
portable power applications both energy and power are
required. This requirement has excluded zinc-air Design Specifications for
electrochemical systems available to date. NASA-JSC MAC Zinc-Air Cells
has contracted with MATSI, Inc. to develop a
commercially viable zinc-air cell which will meet MAC Cell
present demands of power and energy required by
portable electronic equipment. Battery Surface 9.25 cm. x 8.5 cm.

Active Surface 55 cm 2

Historically zinc-air cells have been produced in two ticeSs

configurations; very low rate cells, used for industrial Thickness I cm.
batteries, and button cells, used primarily in hearing Weight 125 g-
aids. Both of these cells are designed for their specific Spacer Thickness .5 cm.
applications and do not supply the power needed for Capacity 37 A-hr @ I Amps
portable electronics. Next generation primary zinc-air 32 A-hr @ 2 Amps.
batteries, developed by MATSi, Inc., overcome the rate Specific Energy 340 W'hr/kg @ I A.
limitation of industrial cells and capacity limitation of 270 W-hrfkg @ 2 A-
button cells. Energy Density 540 W-hr/I @ I A

With out spacer
Initial efforts resulted in the development of two cell Maximum 3 W @ 3 Amps.
sizes, Large Capacity (LC) cells with greater than Output Power
200 A-hr at 6 milliamperes/cm 2 and High Rate (HR) Power Density 24 W/kg @ 3 Amps.
cells with a capacity of 30 A-hr at 14 milliamperes/cm 2  38 W/I @ 3 Amps.
Table I lists the dimensional aspects of each cell type
along with performance characteristics. These cells are Table 2. Design and performance specifications for
prismatic, with the electrodes fitted into machined MAC zinc-air cells
plastic cell cases. They can then be stacked to achieve
the application-specific requirements for the final This paper will present performance characterization
battery. This flexible design allows for tailoring battery data of the enhanced capability zinc-air cell.
designs and configurations.
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BACKGROUND system could produce 24 W/kg (55 mA/cm 2 ) power
while maintaining 200 W-hr/kg of energy. Figure I

As described in earlier work1- 3, the advanced capability shows the Watt/kg versus Watt-hr/kg curve for both the
zinc-air cell design consists of: I) an anode and LC and MAC cells.
electrolyte mixture consisting of a paste of amalgamated
zinc powder in a gelled potassium hydroxide electrolyte, Specific Power Vs. Specific Energy Curves
2) a microporous polymeric separator and 3) a PTFE- For LC and MAC Zinc-Air Cells.
bonded carbon cathode. These components are 25
configured as a prismatic cell in a molded plastic case.

Experiments described in earlier work were used to 20,

determine the optimum electrode and electrolyte
formulations. Test cells, with different zinc content, .--15
were fabricated and discharged. The resultant plot of
capacity versus weight percent zinc showed that a
energy density maxima occurs at a zinc concentration of . 10
70 weight percent'-3.

Additional experiments were designed to optimize the 5

potassium hydroxide concentration. These experiments
were designed to examine the electrolyte's sensitivity to 0
the ambient humidity. The data showed that a potassium C 5C 100 150 200 250 300 350 400 45C 500

hydroxide concentration of 35 weight percent achieved Swc;fic Erwgý (w v/kg•,

higher anode utilization and was less sensitive to the Figure 1. Specific power versus specific energy for LC
ambient humidity'"3. and MAC zinc-air cells.

The oxygen electrode consists of two layers producing a Prior to the power-versus-energy data collection MAC
high performance oxygen electrode. The electrolyte side cells were used to determine the polarization and power
of the cathode includes a high surface area carbon for curve for the zinc-air system. Figure 2 shows the
oxygen reduction and a metal oxide catalyst for polarization curve and power profile of the MAC cell.
peroxide decomposition. The air side of the cathode has Peak power is achieved at 3.2 amperes at 3.0 watts,
a higher PTFE content to prevent electrolyte weepagel. corresponding to 24 W/kg at 58 milliamperes/cm 2 . This
The oxygen electrode was also studied by examining cell promising energy density led to continued testing of the
performance with and without a peroxide decomposition system.
catalyst. This study showed the cells with the catalyst
out performed the cells without; the cells with the Polarization and Power Curve for
catalyst had improved voltage and better anode MAC Zinc-Air Cell.
utilizationl-3. 1.4_ _ _5

1.4 , 3.5

The resultant cell has the capability of high rate 1.2 -3

discharge wile maintaining the high energy density of
the zinc-air electrochemical system. -2.5 7

EXPERIMENTAL 0.8 -2

wo zinc-air cell types, LC and MAC, were tested to 0.6- -1.5

determine the discharge characteristics of the advanced 0. -

capability zinc-air cell. Tests were designed and

conducted to determine the cells' capability to operate 0.2 -0.5

portable electronic equipment. Initial tests performed on
LC cells were conducted at various discharge rates and 0 .

temperature to determine the viability of the system for 0 0.5 1 g. 2 2.5 (Ampts)

portable power. Additional testes on MAC cells were
conducted to characterize the system. Figure 2. Polarization and power curve for MAC zinc-

air cells.
Initial characterization tests were performed to
determine the power verses energy curve for the LC MAC cells were discharged at 1.0, 2.0 and 3.0 Amperes
cell. The cells delivered 480 W'hr/kg at a discharge rate at .5°C and 1.0 Ampere at 0°C. Figure 3 shows typical
of 0.8 W/kg (1.7 mA/cm2 ) and 300 W-hr/kg at 18 W/kg discharge curves for the MAC cell. This graph shows
(21 mA/cm2 ). The power density for these batteries is little loss of capacity from 1.0 ampere discharge to 3.0
low, however the high energy density achieved ampere discharge, i.e. 30 Amp-hrs and 24 Amp-hrs
warranted further investigation of the system. respectively. Cells discharged at 1.0 ampere at 0°C
Subsequent testing of the MAC cells showed that the achieved capacities in the order of 16 Amp-hrs.
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Typical Discharge Curve for CONCLUSION
MAC Zinc-Air cell at 25°C

1.s, The advanced capability zinc-air cell developed by
MATSI, Inc. has shown that zinc-air technology is

1.25 capable of powering portable electronic equipment.
Batteries comprising of six MAC zinc-air cells have

S• been demonstrated in laptop computer applications. The
power density and energy density of this zinc-air
design enables its use not only in portable electronics
equipment but also in high pulse power/high energy

>• hybrid battery systems. These hybrid systems would use
Q 0the energy density and power capability of the zinc-air

system coupled with a very high power rechargeable
.-25 battery. The zinc-air battery would supply the base

energy as well as energy to recharge the pulse battery

S 5 10 20 25 30 while the high power pulse battery would supply the
-n,,e •-os) high power pulses whenever required by the system.

Figure 4. 1.0, 2.0 and 3.0 Ampere Discharge curves for
MAC zinc-air cells. REFERENCES

DISCUSSION 1. Bob Bragg, Debbie Bourland, Glenn Merry and Ron
Putt, "Primary Zinc-Air Batteries For Space Power%.

Both energy and power are required for most electronic The 1991 NASA Aerospace Battery Workshop, NASA
equipment. In addition portable electronic equipment Conference Publication 3140.
puts weight and volume constraints on the power
source. The zinc-air cells tested showed that they can 2. Ronald Putt and Glenn W. Merry, "Zinc-Air Primary
deliver both the energy and power required for Batteries", Proceedings of the 35th International Power
electronic equipment and this energy and power are Sources Symposium, IEEE, Piscataway NJ, 1992.
available in a small, light-weight packages.

3. Ron Putt and Glenn Woodruff, "Zinc-Oxygen
The MAC cells tested had a specific power of 24 W/kg Battery Technology", Proceedings of the 28th IECEC,
(25 W/l). These cells also have an energy density of Atlanta GA, ACS, Washington DC., p 1.1085, 1993.
500 W-hr/kg (520 W-hr/l). Additionally the cells
suffered minimal capacity loss from a discharge rate of
1.0 ampere to 3.0 amperes. The cells also maintained a
respectable capacity when discharged at 00 C, i.e. 50%
of the 25°C capacity.

These encouraging characteristics led to the fabrication
of a six cell battery that would operate a laptop
computer. The battery pack was designed to replace a
rechargeable external battery pack. The zinc-air
battery, comprising six MAC cells, has approximately
the same weight and volume as the battery it replaces
(862 g. and 18.3 cm. X 26.0 cm. x 1.3 cm.). However
the rechargeable battery has an operating time of 5
hours of less while the zinc-air battery has an operating
time of 30 hours.

Prototype laptop computer batteries were fabricated and
tested. The batteries were tested under simulated load
conditions, some simulating a black and white (B&W)
computer load and some were tested simulating a color
computer load. The average load for the B&W computer
is 1.2 amperes and 2.0 amperes for the color computer.
The zinc-air battery realized its potential and delivered
26 hours of service and 14.5 hours of service for the
B&W and color computers respectively.
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A HIGH ENERGY DENSrrY ALUMINUM/OXYGEN CELL

Daniel W. Gibbons and Erie J. Ruhdd, ELTECH Research Corp., 625 End St., Fairport Harbor, OH 44077
Dana Gregg, Led Defmaa System - Akron, U210 Masillon Rood, Akron, OH 44315

AbstractGas Out
Kn ckout Hdoe

Aluminum m an atractive anode material for metal/air batteries, ok R ccomner

particulardy for propuelsio applications where weigit and volume are Powe
cruciaL With a higher specific energy than nearly all other metals, it is cO, 4 - H,

also environmentally acceptable non-reactive, amd pesently available II Scrubber j Go

large production quantities. A cloed cycle alumhiam/oxygen system is G

curemly under developmen for an unmanned, underwater vehicle
(UMV with more than three dine= the energy density of existing .~ ...
silver/zjnc batteries. Recent work has focussed on low cornsion het

aluminum alloys and on Electrolyte Management System (EMS) for
processing the byproducts of the energy producing reactions. Single iFlter
cell have produced nearly 6=0 Amphlrs from a single aluminu1n plae AIR or 0:

at 97% current efficiency. Electrolyte

Tank

Hydrorgillhte

IntroinKon Electrolyte
Management

Aluminum, zinc, lithium, and iron systems have all been Process Flow Key System
demonstrated, but only aluminum provides a high energy and power Electrolyte

--- Gas
density in an environmentally acceptable package that is easy to handle, cooa•nt

safe to operate, and readily available. The chemistry of the AV%
integrated fuel cell system is shown below. The net result of this
reaction sequence Is the consumption of aluminum, oxygen, and water Fig. I. Schematic of an Al/Air or Al/O 2 battery system.
to produce aluminum trihydroxide and energy.

Anode Al + KOH + 30"--+ KAI(OH)4 +3e7 (1) Electrode Develoment

Cathode 3/4 02+ 3t2 H-20 + We --+ 30H71 (2) Anode Alloys

Aluminum reacts rapidly and Irrvendbly with oxygen to form
Overall Al + KOH + 3/4 0 + 3/2 H20 -+ KAI(OH)4  (3) a strongly-adhering oxide film, which largely determines the

electrochemical behavior in aqueous electrolytes. This oxide layer
Corrosion Al + KOH + 311O -- KAI(OH) 4 + 3/2B6 (4) produces a material that does not corrode In neutral solutions despite

being thermodynamically unstable. To achieve stability in alkali
Crystallization KAI(OH)4 -- KOH + AI(OHl, (5) solutions, modification of the behavior of the oxide layer through the

formation of aluminum alloys has been extensively explored [1-51. The
Recombination %I + 12O% -- 1'60 (6) incorporation of small concentrations of metals such as magnesium,

calcium, zinc, gallium, indium, thallium, lead, mercury, and zinc, usually
During cell discharge, aluminum is dissolved (Equation 1) to in combinations as ternary or quatemary alloys, has been effective in

form an aluminate species while the alkali metal hydroxide is consumed. achieving activation (high current capability) and Inhibition of corrosion.
A corrosion reaction also occurs, again forming the soluble aluminate The use of solution inhibitors such as sodium stannate has not been
together with hydrogen gas (Equation 4). This corrosion reaction is a nearly as successful in reducing corrosion in our laboratories.
coulombic inefficiency and, therefore, must be minimized. Since KOHTc
is consumed as the battery operates, the conductivity of the electrolyte The presence of certain impurities in the aluminum can
decreas until precipitation or crystallization of aluminum trihydroxide markedly affect the electrochemical behavior. For example, the
occurs (Equation 5) , replenishing "free" hydroxide. Thus a "eady corosion rate is particularly sensitive to the concentration of iron in the
state" condition may be achieved with respect to electrolyte composition metal. Using manganese as on alloying element has been shown to
and conductivity, at which time the electrolyte will contain crystals of reduce the rate of corrosion of primary aluminum (99.9% prity), which
aluminum trhydroxide (hydrargillite). As will be discussed later, contains high levels of iron [6]. Today's state of the ar low corosion
controlling the electrolyte composition Is very important to maximize alloys rely on high purity stang materialeng., 99.995% and 99.999%performance. In addition, hydrogen desteuction by recomb~ination is Al. Once a suitable alloy has been identified, the trnmsition from
perforaryfor closed cycle applications where simple venthin is n fabrication at the laboratory-scale (bookmnold ingots of weightnecessarl, approximately 3-5 lbs.) to the pilot-scale (150-250 lb. ingots) is not
Practical. always readily achieved. The electrochemical performance of the large

A complete AI/Air power source is a multi-component system ingot material can be variable and often Is inferior to that of the
that includes several unit operations such as thermal management, solids bookmold material. Fabrication practice and the resultant alloy
removal, and gas-liquid separation as indicated in Figure 1. Aluminum mlcrost•uctore can have a dramatic effect on both the corrosion and
cannot be electrodeposited from aqueous solutions, so that the Al/Air polarization behavior [7].
battery is not a true secondary battery. The anode must be replaced
mechanically, requiring novel features in the cell design, but offering In the recent program to develop a power source for a UUV,
relatively rapid refuelability. Oxygen or air may be used as the oxidant, emphasis has been upon mission life ad vehicle range. Identification
but air fueled systems require a scrubber to reduce CO2content from of an alloy with a low rate of corrosion that maximizes the utilization
ambient levels of 350 ppm to less than 50 ppm. of the metal fuel then became essential. An added advantage was that

the hydrogen gas handling requirements within the system are
Recent progress in electrode and EMS development at the single minimized, very beneficial for this closed cycle application where no

cell and sub-module level will be summarized in this manuscript. gases or liquids can be vented.
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The percent utilization for several candidate alloys is presented hydrogen gas) be prevented, or at least minimized. A porous barrier

as Figure 2, together with data for pure 99.995% aluminum. As the layer was added, bonded to the nickel mesh and surface of the active

applied load is increased, the percent utilization improves dramatically. layer. Dring operation the pores of this layer readily fill with

The electrochemical characteristics of the three low corrosion alloys are electrolyte, providing an effective barrier to the transport of oxygen gas

shown in Figure 3, showing the dependence of the anode potential upon into the electrolyte. The performance of the modified electrode, over the
the external load. As shown, a judicious selection of alloying elements range of current densities of interest, is shown as Table I.
and fabrication practice produces anode materials with properties far Because the UUV cell stack features a moving anode, cathode
superior to Pure aluminum. uniformity is critical to prevent uneven dissolution of the anode which

These alloy materials were fabricated as large ingots by hampers the ability to maintain a small, constant electrode gap. A novel

conventional industry practice, although the data shown in Figures 2 and quality control procedure, dubbed the "voltage mapping technique." was

3 were obtained in laboratory-scale cells. Alloy ERC-4 is clearly developed to ensure uniformity. The voltage map cell, see Figure 4.features a 0.552 cm2 cylindrical, aluminum anode operated at 100
superior, achieving high utilization while maintaining acceptable fatures a nd rica alumn ano oated a 00
polarization behavior. Alloys ERC-2 and ERC-3 closely approached the me gcmt and encapsulated in a Tygon tube to maintain a 0.050c
utilization targets, but ERC-3 tended to passivate at high current electrode gap. One can then mount a cathode face-up, cover with
densities with aluminate present in the electrolyte. Full-scale (700 cm 2) electrolyte, and thus create a small AlA battery at specific areas on the
experiments conducted with ERC-4 showed excellent agreement with cathode where the measured cell voltage is proportional to cathode

lab-scale data and was therefore chosen as the alloy for this activity. Probe position can easily be controlled by the use of a simple

demonstration, acrylic template. In this manner, changes to the microporous barrier
layer could be made and quickly tested to optimize the catwe's

, _ _ _ _ _reactivity and permeability resistance.

Z -C-3 EE A Table 1. Performance of the modified cathode at WC in 4M
KOH with dry 02.
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so 100 10 20oo 25o 3oo 313 hours 0.06 -0.06 -0.09 -0.12 -0.18

Load Current Density (mA/cm) 21000 hours 0.07 -0.07 -0.09 -0.13 -0.21

Fig. 2. Corrosion of selected aluminum alloys at 5WC.
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Fig. 4. Voltage map test apparatus.
Fig. 3. Polarization behavior of aluminum and selected alloys at 50'C.

The Air Cathode The Electrolyte Manazement System
The reaction at the cathode is the reduction of oxygen, which

can only be sustained at practical rates by using a gas diffusion Develooment of the Filter/Crvstallizer
electrode. A three-phase boundary between the catalyst, electrolyte, and The Al/Air battery may operate in two basic modes, Batch or
reactant oxygen must be established and this demands a unique electrode Steady State, depending on the treatment of the aluminate species
structure. The air cathode used in the recent programs to develop the generated by reactions (1) and (4). In the Batch mode, fresh electrolyte
Al/Air battery as the power source in (a) an electric vehicle [81, and (b) is charged into the system and operation continues until the level of
an unmanned, underwater vehicle is a high performance, two layer aluminate reaches saturation. This situadon corresponds to an end of
stricture composed primarily of carbon and teflon. The development of charge condition; no solids are formed during Batch operation.
air cathode technology has been described elsewhere [7,8]. Conversely, a near constant electrolyte composition can be maintained

in the Steady State mode by promoting the crystallization of the
This type of electrode has shown excellent extended aluminate species into an insoluble hydroxide called hydrargillite,

performance under both constant current operation and cyclic operation. AI(OH)2 (equation 5). During the cell refueling operation, the
In addition, for the UUV application, it is necessary that the transport of electrolyte tank is emptied and the AI(OH)2 crystals may be sent to a
oxygen gas through the electrode into the electrolyte(which contains Hall-Heroult cell for processing back into aluminum.
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(3) the beckfiush algomitin.
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system is computer controlled via KCithlcy's Viewdac software. Oxygen
is supplied on demand by mass flow contolnera utilizing the cell stack A substantial part of this work was perfbnned under the aupices

oxygen pressure as tei control variable. The system ao included liquid of the Advanced Research Proj*ts Agency, Contract Number MDA-
accumulators to account for movement of the anode which increases the 972-91-C-0040.
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... Corporation, May 1984.
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Fig. 9. Transient response of 9-cell short stack.

Conclusions

The advances described here for the electrodes and Electrolyte
Management System have resulted in the design of a 15 kW AIO%
power source with an energy yield in excess of one Megawatt-hr.
Construction will begin soon of this propulsion system for an unmanned,
underwater vehicle. The specific energy density based on anode weight
is nearly 4 kWh/kg aluminum.
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THE ALUMINUM FUEL CELL IN TRANSPORTATION APPLICATIONS

Geoffrey M. Scamans, Alupower Inc., Warren, NJ

David K. Creber and John H. Stannard, Alupower Canada Limited, Kingston, Ontario

Introduction of aluminum hydroxide and at the end of discharge all the aluminum

fuel consumed remains as a soluble aluminate ion in the electrolyte.
In a conventional fuel, cell hydrogen and oxygen from the air are This simplifies the refuelling operation.

combined to produce electricity, heat and water. In an aluminum fuel
cell, aluminum is used instead of hydrogen and the reaction products Sea trials of an aluminum FCPS fitted to the Applied Remote
are electricity, heat and aluminum hydroxide. Unlike a battery, a Technology XP-21 unmanned underwater vehicle were completed at
fuel cell is not electrically recharged and will provide power for as the end of 19932.3. The power source was configured as two 76-cell
long as fuel, in this case aluminum, is supplied. Aluminum as a fuel modules which could provide 1.25 kW and 50 kWh as single units
in an aluminum fuel cell provides the same energy, weight for or 2.5 kW and 100 kWh when connected in series. The complete
weight, as gasoline used in an internal combustion engine and is power source occupied an 88-inch (2235 mm) long section of the
volumetrically more energy dense than hydrogen stored as a high 21-inch (533 mm) diameter vehicle. Oxygen was supplied to the
pressure gas, as liquid hydrogen or as a metallic hydride. FCPS from high pressure gas spheres at 4000 psig (27.7 MPa).

This means that the aluminum fuel cell power source (FCPS) The trials provided a wealth of operational experience of the
competes favorably with hydrogen fuel cells in transportation aluminum FCPS operating in a closed hull environment including
applications where the requirement is for a compact power source. stop-start operation and discharge at a wide range of power levels.
Particular examples where the aluminum FCPS has been demon- A total of four 76-cell modules were discharged. The energy density
strated are as a range extender in a Chrysler minivan and as a long of the system, at a power density of 4.4 W/I was 260 Wh/l which is
endurance energy source in a 2 1-inch diameter unmanned underwater almost twice the energy density of silver-zinc batteries. The energy
vehicle (UUV). density of the aluminum FCPS could be improved by cell design

optimization and the use of liquid oxygen to nearly 500 Wh/l.
The key to this development has been the provision of aluminum

alloy anodes that are stable in strongly alkaline electrolytes and can Each cell of the 76-cell power source module has an individual
release their stored energy efficiently over a wide range of power electrolyte reservoir and the cell contains a 4 mm thick 360 cm 2

densities. This has reduced the engineering complexity of the anode. The 4.5M KOH electrolyte is circulated by the natural
aluminum FCPS and has significantly accelerated prototype power convection set up by heat generated in the cell gap and this type of
source production and in-vehicle testing. The cost of aluminum as cell is known as the self-managing cell. As the aluminum hydroxide
a fuel depends on the tolerance to iron impurities present in lower precipitates from the electrolyte it settles and accumulates at the
cost grades of aluminum and to date, aluminum fuel has had to be bottom of the cell and at the end of discharge the aluminum anode
made from more expensive superpure aluminum as the anode alloy is consumed and the cell is filled with reaction product. The power
base. However, recent developments have shown that it may now source is refuelled by replacement of the complete 76-cell module.
be possible to make efficient anodes directly from pot-line
aluminum. Aluminum Anode Development

The paper summarizes the present state of development of the The anode in a power source is the reservoir of electricity and
aluminum FCPS by Alupower and its partners for both land and sub- candidate anode materials can be rated by their charge density,
sea applications and describes aluminum anode development and the which is the number of electrons available, either per unit weight or
tolerance to iron impurities and its consequent effect on the per unit volume. The most energy dense anode materials are liquid
aluminum fuel economy. hydrogen (26.59 Ah/g, 2.04 Ah/cin 3 ) beryllium (5.95 Ah/g, 11.0

Ah/cm 3), lithium (3.86 Ah/g, 2.06 Ah/cm 3 ) and aluminum (2.98
In-Vehicle Demonstration Proarams Ah/g, 8.05 Ah/cm3). Aluminum is therefore a good candidate power

source fuel from both a gravimetric and volumetric perspective and
An electric vehicle aluminum FCPS demonstration program was is also non-toxic compared to beryllium, safe compared to lithium

completed by Alupower at the end of 1991 with the road test of a and a solid at ambient temperature compared to hydrogen.
7.5 kW range extender module fitted to a Chrysler minivan'. A total Aluminum is also the third most abundant element in the earth's
of 24.4 hours of operation at various power levels was achieved over crust after oxygen and silicon. Also, the aluminum hydroxide
a fourteen day period and the system provided 74.4 kWh of reaction product generated in a power source may be recycled back
electrical energy. A range of 211 km of city driving was demon- to aluminum metal through the same pot-lines used for aluminum
strated compared to the range of 300 km predicted from earlier production.
dynamometer testing. The lead-acid batteries provided an additional
17 kWh which would have limited the range of the vehicle to only Although the earliest reference to the use of aluminum in
50 km if used alone. batteries is in 18554, it was only in 1989 that an anode composition

was patented that is stable in a highly alkaline battery electrolyte and
The range extender module in the minivan contains a 56-cell is efficient over a wide range of current densities. This anode is an

stack with cells connected in series. Electrolyte is pumped from a alloy with tin (0.07 wt%) and magnesium (0.5 wt%) which is used
reservoir through the cell stack and through a heat exchanger to with a low level addition of tin, as stannate, to the electrolyte 5.6

control a maximum electrolyte temperature of 60*C. Each cell
contains an aluminum anode which is 6 mm thick and has a surface The present era of development of the aluminum-air fuel cell
area of 1000 cm 2. There is a sufficient volume of the 8M KOH began with the work of Zaromb 7, who published work on the
electrolyte (180 1) such that the system runs without the precipitation combination of an aluminum anode with a semi-permeable carbon
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based catalytic membrane for the reduction of oxygen from the air. to cast as sound ingots, particularly as the ingot size is increased.
However, the aluminum anodes used suffered from high polarization The addition of stannate to the electrolyte compensates for the lower
(low cell voltage), passivity under load and high levels of corrosion than ideal level of tin in the alloy and the anode corrosion rate is
both at open circuit and under load. This high rate of corrosion further improved by the addition of magnesium at the 0.5 wt% level.
produced copious quantities of hydrogen. This situation wa Magnesium controls a high hydrogen production state of the
significantly improved by Pryor8 who developed a family of aluminum anode surface that is prevalent at the start of discharge
aluminum-tin alloys based on some earlier observations that tin and can be maintained at low operating current densities-5 . The high
could promote the dissolution of aluminum utensils. Pryor also efficiency aluminum-tin-magnesium alloy is known as EB. Although
added gallium and magnesium to his favoured anode composition gallium can improve anode potential by up to 50 mV, it is specifi-
which became known as A6. cally excluded from the anode composition as the anode corrosion

rate is increased both on and off load and the tolerance to iron
Tin could also be introduced to the power source by using bearing impurities in the aluminum is significantly reduced1 4 .

sodium stannate dissolved in the electrolyte and the use of this
addition at the 0.06M level became a ubiquitous addition as a, so Aluminum Anode Efficiency
called, corrosion inhibitor 9. The consequence of this was that using
this addition to the electrolyte masked almiost all effects brought The rate of corrosion of anode alloy EB depends on the anode
about by changes in anode alloy chemistry through the phenomenon potential as determined by the operating current density, the tempera-
of electrochemical dominance which will be explained later. ture and molarity of the electrolyte, the stannate concentration and
However, Moden'0 was able to patent a variant of A6 where all the the iron level in the anode. Corrosion rate decreases with increasing
tin was added to the electrolyte rather than the anode and his current density as the anode potential is reduced but increases with
aluminum-gallium-magnesium alloy became known as RX808 and temperature, electrolyte molarity and iron level. An addition of
was the benchmark composition for subsequent anode development stannate in the range 0.004 to 0.02M is a compromise between
programs. The big advantage over A6 was in castability. increasing the level of tin available to the anode whilst avoiding the

risk of the development of tin dendrites on the anode surface that
In 1982, Alcan began its aluminum anode development program, can bridge between the anode and the air cathode. Figure I shows

following the promotion by Cooper"I of the aluminum-air FCPS for
a fully traffic compatible electric vehicle. The Alcan program used
99.999% super purity aluminum to which trace single additions were .. .....
made of gallium, indium and tin. This work showed that for an•' ,'

alloying addition to be effective, it had to be held in solid solution
in the aluminum crystal structure. When mixed compositions [

containing more than one of the three elements were tested, in every •E2 Open -

case when tin was present in the anode system, the anode behaved crui "
as if it was an aluminum-tin alloy. Tin dominated electrochemically ••1mt• •"
over indium and gallium and in the total absence of tin, indium z -"_,•,
dominated over gallium' 2. This could all be explained in simple __________"_______________________mA_____

terms by referring to the relevant Pourbaix diagrams. For an 10 25 3 40 5 50 5

element to modify the electrochemical behaviour of an aluminum Tempeature(deg. C)
anode, it had to be dissolved either in the anode or the electrolyte,
to not dissolve as aluminum dissolved from the anode surface and Figure I. Hydrogen Evolution Current
to have a lower melting point than aluminum. Only ten elements
satisfy these simple criteria: antimony, zinc, lead, cadmium, thallium, the rate of hydrogen production using anode alloy EB with an iron
bismuth, tin, indium, gallium and mercury - listed in decreasing level of less than l0 ppm in a cell of the type used in the XP-21
melting point order and in order of decreasing electrochemical aluminum FCPS as a function of operating current density and
dominance. To see the electrochemical characteristic of any element electrolyte temperature in the range of 18 to 54°C. The cell was
in the list, then all those elements higher in the list have to be absent filled with 660 cm3 of 4.5M KOH + 0.01M sodium stannate and the
from the anode and the electrolyte. Cell voltage increases as kinetics of the hydrogen evolution reaction were monitored continu-
dominance and melting point reduces so the optimum additions are ously by pumping air across the top of the electrolyte which was
at the end of the list provided corrosion rates are acceptable. then passed into a calibrated Analygas Systems Model 62 hydrogen
Unfortunately, mercury and gallium which provide the highest cell monitor. Currents were set at 0 A, 3.75 A (10 mA/cm 2 ) and 8.5 A
voltages can't be used as anode corrosion rates are extremely high (24 mA/cm 2 ) to examine anode efficiency at low current density and
and such anodes are better suited for hydrogen generators rather than under open circuit conditions.

use in a power source. The operational problem of aluminum-
indium anodes is that the corrosion rate increases progressively with From the data shown in Figure 1 it can be seen that the hydrogen
discharge time, particularly at low current density, leading again to evolution rate increases as expected with both increasing temperature
excessive heat and hydrogen production and unacceptable anode and decreasing current density and the empirical data can be fitted
performance. This can be improved by addition of manganese and to an Arrhenius rate equation. The anodic coulombic efficiencies
magnesium to the t~asic binary alloy, resulting in an alloy known as calculated from the data in Figure I are listed in Table 1.
BDW13 . However, BDW is not suitable for use in aluminum power I el r u ttmeaue ewe 5ad6 0 ,te h
sources with high energy density. I el r u ttmeaue ewe 5ad6°,te h

current density needs to be 20 mA/cm2 or higher to ensure that the
By far, t.he best anodes are based on the aluminum-tin anode anode efficiency remains above 90%. The rate of hydrogen produc-

system with as much tin as possible in solid solution in the tion at 10 mA/cm 2 is 10 cm-/min for an anode area of 350 cm 2 .
aluminum. This is limited to 0.07 wt%/ as althousgh the nmaximum This means that the 50 kWh XP-21 power source will produce about
solubility is 0.12 wt%, anodes with higher levels of tin are difficult 0.8 1/min of hydrogen when operating at a low power of 150 W.
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Table I in a flowing cell at 25°C using 2.1M KOH + 0.01M stannate electro-
Anode Efficiency in 4.5M KOH + 0.01M Stannate lyte gave a corrosion rate of 0.0052 mg/cm 2/min which corresponds

to 1.0 mA/cm2.

Electrolyte Temperature The open circuit corrosion rate of alloy EB has also been

Current Density 20*C 400C 50oC measured at higher electrolyte temperatures using the hydrogen
measurement method. In a flowing cell using 8M KOH + 0.01M

10 mA/cm2  99.5% 94% 85% stannate, corrosion rates of 0.6 mA/cm 2 at 40°C, 4.6 mA/cm 2 at

24 mA/cm2  99.8% 98% 95% 60°C and 20 mA/cm 2 at 80*C were measured. This can be com-
pared to the open circuit corrosion rate as a function of temperature
in a self-managing cell as shown in Figure 1 where the rate variesAsimilar set of results is shown in Figure 2 for alloy EB using from less than 1 mA/cm2 at 200 C to nearly 4 mA/cm 2 at 40°C.

a flowing electrolyte cell and assessing coulombic efficiency using

weight loss techniques after extensive anode discharge. Hydrogen These measurements show that although there is variation, the
measurements were also carried out to estimate the hydrogen open circuit corrosion rate of anode alloy EB is of the order of I
evolution rate from the range extender power source using 8M KOH mA/cm 2 at 25*C which satisfies the LLNL target. However, this
electrolyte in the temperature range 60 to 800C at current densities rate doubles with every 100C rise in electrolyte temperature. This
of 0, 40, 80 and 160 mA/cm 2. The results of these test are summar- is shown in Table 3 as a loss of cell capacity as a function of time
ized in Table 2. for the XP-21 power source cell assuming an original capacity of

567 Ah from the weight of anode in the cell. A complete self-
discharge takes approximately 80 days at 200C.

S2Table 3
so •Anode Self Discharge Rate at Open Circuit

Lu 5 M KCH

20 1 min I hour I day 10 days

0 20 0C 0.005 Ah 0.28 Ah 6.8 Ah 68 Ah
0 10 20 30 40 5o 60 70 80 90 (0.001%) (0.05%) (1.2%) (12%)

Current Density (mA/sq cm)

40 0C 0.02 Ah 1.3 Ah 32 Ah 316 Ah
Figure 2. Anode Coulombic Efficiency (Flowing Electrolyte Cell) (0.003%) (0.23%) (5.6%) (55.7%)

If the electrolyte temperature increases above 60 0C then effi-
ciency will drop below 90% at current densities below 40 mA/cm 2. Impurity Tolerance
From the above data, the 56-cell stack of the range extender will
generate approximately 1.9 I/min of hydrogen at 130 mA/cm 2 and Extensive studies of the effect of impurities in aluminum on
80*C which drops to 0.25 I/min at the normal operating temperaure anode efficiency have concluded that iron is the most significant
of 60*C. impurity which controls the corrosion rate of aluminum in power

Table 2 source electrolytes' 4. This is shown in Figure 3 which shows how

Anode Efficiency in 8M KOH + 0.OIM Stannate the efficiency of alloy EB drops as the iron level increases. This
figure has been compiled from anode release test data. There is no
similar correlation with any other contaminant. The anode efficiency

Electrolyte Temperature is acceptable (>90%) if the iron level is less than 10 ppm.

Current Density 60 0C 800C 100
4 M KOH

40 mA/cm2  95.4% 75.0% 95 4 _MKOH

80 mA/cm 2  98.2% 93.6% 90

160 mA/cm2  99.6% 97.0% 85

S75 1- -

Open Circuit Corrosion Rate 70 148 hr tests at 60C at 60 mA/cmr
70

The target open circuit corrosion rate for an aluminum anode was 0 5 10 15 20 25

set at I mA/cm 2 by the DOE aluminum-air traction program led by Iron Level (ppn)

LLNL. As a comparison, the corrosion rate of zinc in 4M KOH at Figure 3. Effect of Iron Level on Anode Efficiency
500C has been measured as 0.25 mA/cm 2 and amalgamated zinc
powder has a corrosion rate as low as 0.01 mA/cm 2 in 9M KOH at Higher levels of iron may be tolerated by heat treatment to take
50'CIs.i6. The open circuit corrosion rate of alloy EB in 5M KOH the iron into solid solution in the aluminum. Iron impurities form
+ 0.01M stannate was measured by weight loss after 45 days at second phase particles which act as local cathodes to stimulate
25°C in a self-managing cell and was 0.011 mg/cm2/min which corrosion as iron is relatively insoluble in aluminum'". Heat
corresponds to 2.0 mA/cm 2 . A similar measurement after 10 days treatment at high temperature can dissolve these particles and can
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restore anode efficiency. For example, an EB alloy with an iron consistent with those reported by LLNL20 but are very different from
level of 20 ppm and a coulombic efficiency of 77% at 60 mA/cm2, the present best production price estimate of $1 I/kg which is
provided an efficiency of over 93% when given a heat treatment to 50¢/km.
solutionize iron particles. Since the maximum solubility of iron in
aluminum at 640°C is 340 ppm (0.034 wt%) this represents the Presently, while the cost of aluminum as a fuel is high and the
maximum level of iron impurity that may eventually be tolerated in cost of gasoline is low, aluminum as a fuel in transportation applica-
aluminum anodes. It is also possible to moderate the effect of tions is only suitable for electric vehicle range extension where the
second phase iron particles by using manganese additions which aluminum FCPS is only activated occasionally or for use in electric
reduce their effect as cathodic sites"s. This method is much less propulsion applications where high energy density and covertness of
effective than heat treatment to remove the particles completely. operation are essential as in the air independent propulsion of

underwater vehicles.
These results show that efficient anode alloys can be made from

99.99% super purity aluminum rather than 99.999% superpurity Summary
aluminum which reduces the cost of the base metal by a factor of
two. The best pot-line aluminum available is 99.9% which typically The high energy density aluminum FCPS has been successfully
contains a minimum of 350 ppm (0.035 wt%) iron. In order to make demonstrated in both land based and sub-sea vehicle applications.
anode alloys from pot-line aluminum then better control of iron These systems utilize the development of a highly efficient
impurity levels is required to produce low iron metal (ideally less aluminum anode composition, EB, which achieves a coulombic
than 200 ppm) in a single reduction step from a pot-line cell. efficiency of more than 90% over a wide range of operating power

levels and has a low open circuit corrosion rate at ambient tempera-
The Aluminum Fuel Economy ture. The EB anode alloy can be made tolerant of iron impurities by

heat treatment. Presently the cost of aluminum as a fuel is very high
The market price of super purity aluminum made by the Hoopes compared to the cost of gasoline but this could be reduced signifi-

electrolytic refinirg process ranges from $6.80/kg for 99.999% down cantly by the direct use of low iron pot-line metal and by the
to $3.50/kg for 99.99% which is the lowest purity grade available, recycling of the aluminum hydroxide reaction product.
Selected 99.9% pot-line metal with iron at <350 ppm can be
obtained at a $0.11/kg premium compared to 99.85% pot-line References
aluminum which is presently trading at $1.25/kg.
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REGENERATIVE ZINC/AIR AND ZINC/FERRICYANIDE BATTERIES FOR STATIONARY POWER APPLICATIONS
by

John F. Cooper, Larry E. Keene, Jon Noting, Arturo Maimoni and Keith Peterman
Lawrence Livermore National Laboratory • Livermore CA 94550

load, and equalization of individual cell capacities; (4) the ceil is
Abstract robust because nearly all of the reactant mass is stored outside of

We report a novel configuration for a zinc-particle, packed-bed cell, protecting the fragile air electrode and separator membranes
anode in which an open structure of high hydraulic permeability is from abrasion during refueling or damage during handling or road
maintained indefinitely in a cell with closely spaced walls by the shocks; and (5) electrolyte pumping power is negligible, consuming
formation of particle bridges and associated gaps. The configuration less than 0.1% of the gross power output.7

minimizes electrolyte pumping costs, allows rapid refueling and Te cell design (Figure 1) is based on a phenomenon of two-
partial recharge, and provides for 100% zinc consumption. This The cl l den (Figue of ibased on a pntwodapproach benefits zinc/air fuel batteries by allowing nearly phase flow. When particles of nearly uniform size are introduced

a binto a channel having a width only a few times larger, the particles
continuous operation and fuel recycle without commercial do not close pack. Rather, a stationary bed is formed which has
infrastructure; it benefits Zn/[Fe(CN) 6 1]3 batteries by eliminating network of arches and bridges 'panning the gap. As zinc anode
shape-change and polarization problems found with planar anodes. particles discharge and decrease in dimensions, the open network

persists if the bed tapers in the direction of flow such that the gap is
Introduction always less than about 5 times the average particle dimension. This

open structure persists even under conditions of agitation. Particles
Zinc/air batteries have iong attracted interest in mobile and enter the cell under gravity flow and move both downwards and

stationary power applications because of low cost and high energy normal to the cathode surface (where particle discharge is favored).
density (150-350 Wh/kg). Zinc batteries might be classified into The solid fraction of the bed has been estimated from
four broad types: (1) primary, (2) secondary, i.e., electrically macrophotographs to be between 40- and 50% by volume, and no
recharged; (3) reconstructable cell; and (4) refuelable cell. Primary doubt is a function of surface friction coefficients of zinc and current
batteries have found widespread application in disposable batteries collectors, polarization, agitation, and electrolyte composition.
for hearing aids, and have been developed for military field
electronics as well as recyclable lap top computers. Primaries have Fill tubes
high life cycle costs and contain RCRA land-banned materials
limiting disposal: zinc and often corrosion inhibitors (such as 4-_____ Particle
mercury or cadmium). Secondary batteries using bifunctional air fpp...: C' slurry
electrodes can be cycled at most a few hundred times, and compete.' .
poorly with secondary batteries (lithium polymer, Ni/H2, etc.) of : Hoppers
comparable energy density but greater durability and power. • :-: -o
Electric storage batteries using the Zn/[Fe(CN) 6]- 3 couple are Air in 0 RA 0.
limited by shape change and show low power densities (W/m 2 ) . . .*

characteristic of planar zinc electrodes.I
Electric Fuel, Ltd. (Israel) recently tested reconstructable-cell Anode

zinc/air batteries in postal vans in Germany, demonstrating anode chambers
replacement using robotics and energy densities up to 200 Wh/kg. Air flow

Zinc consumption is incomplete, and the undischarged zinc is chambers
recovered along with discharge products in a complex anode
fabrication process requiring industrial infrastructure. 2

Laboratory zinc/air cells using stationary bed anodes have
been developed at University of California (Berkeley). Discharge
results in precipitation of solid ZnO without passivation and out of
contact with the zinc/electrolyte interface, giving cells in this Air out LO
configuration a loading capacity of -400 Ah/liter-electrolyte. Ducts Electrolyte in
allow electrolyte circulation by density-driven ("solutal") Figure 1. The cell is refueled by a transfer of zinc particles into
convection, which obviates the use of electrolyte pumps. The cell is hoppers, which gravity feed to the cells. A particle bridging
refurbished using a jet of electrolyte to dislodge and fluidize a phenomenon prevents close packing and maintains a low
product cake consisting of zinc oxides and zinc, after which fresh hydraulic resistance regardless time of discharge.
electrolyte and zinc particles may be added. 3

A zinc/air battery refueled with a particle/alkaline slurry was Cells are refueled from a particle slurry flowing through an

pursued by CGE (France) 4 and by Pinnacle Research Institute adjacent duct. As the slurry is passed over an orifice atop each cell, a

(California).5 CGE developed tubular zinc cells through which the fraction of the particles fall into the hopper. Since the interiors of
reactiveslurorynis.5 cir elaed d uu laring dischage.s tohoih aaio the the cells are not disturbed, the slurry velocity in the fill tubes can be
reactive slurry is circulated during discharge. To avoid abrasion, the quite large. We have filled cells in less than 2 minutes by this
battery tubes were of heavy construction using thick, resistive technique. The time to fill multicells in parallel is limited by the
asbestos separators. The weight and cell resistance reduced energy capacity of the slurry pump. Before discharge, the fill tubes are
and power densities below 100 Wh/kg and 50 W/kg. drained and the orifices are closed.

The recycling of zinc products is done by a user-owned and
Technical Approach operated unit. For example, an electrodeposited zinc plate may be

shredded into fuel particles. 6 We have developed a technique whichRenewed commercial interest in zinc/air applications have combines proprietary electrochemical and mechanical processes to

encouraged efforts at this laboratory to develop refuelable zinc/air genes p aryiele ctrom and meacal procts to

batteries for stationary and mobile (electric vehicle) applications that generate particles of zinc from battery reaction products. The
batteoies mor litationary and mole (exstring tehnices alicatis tha t equipment can be housed at the home base of the user, and in some
Specificmally, wemiave devopted axisind demono ist ted abnovel sel applications should be miniaturized and placed within the battery. In
Specifically, we have developed and demonstrated a novel self- either case, no commercial infrastructure whatsoever is required to
feeding cell which uniquely provides the following: (1) the cell is collect, transport or recycle products into fuel.
rapidly refueled by hydraulic transfer of a slurry of 0.5-1 mm zinc
particles after pumping out the exhausted electrolyte (an alkaline Technical Status and Exgrimental Results
liquid containing zincates and colloidal zinc oxides); (2) 100% of the
zinc introduced into the battery is consumed to produce electric The self-feeding cell has been tested on 80-, 600-, and 1000-
vower, (3) the design provides for partial recharge, recharge under cm 2 scales, and a stand-alone battery with a bipolar stack of twelve
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1 hour at I kA/m 2 , starting at the base of the cell and proceeding
8D.00 15 upwards. (2) the open structure is maintained in a dynamic balance

between gap formation and collapse, with a time constant on the
70.0D order of 100 s. (3) Approximately 40-50 vol.-% of the bed consists
00.0 of solid particles. (4) Small particles (< 0.1 mm) are entrained in the

..00 - 1 cm/s phase flow, and collect and discharge at the top of the cell.
S.M0D (5) Agitation appears to increase the number and to decrease the sizeof the gaps. (6) The particle flow is normal to cathode at the

4 0 separator surface, but downwards at the opposing wall (transfer
.3 plate). The particle flow pattern results in a layer of particles ofMOD 0.so nearly uniform size adjacent to the bipolar transfer plate, maintaining

1- MOD an open structure of nearly constant hydraulic resistance.
Table 1 collects the data relevant to forced convection of air

10.oD and electrolyte. Hydraulic power dissipation for electrolyte flow is

o0 :: : :::::: ::: : oDo negligible. We favor forced convection for high power applications
because it provides a means for decoupling the control of heat and1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 mass transport from the internal state of the battery.

Time, h Table 1. Measure power dissipation for flow circuits in Zn/air cells

- , -a-" c . Cell size, Total Electro- Electro- Air flow, Air flow Total
cm2  electro- lyte. lyte flow I/min power, parasitic

lyte head, flow, power, mW power,
Figure 2. Current, temperature and voltage were stable in a 600- cm mi/s mW %1

cm 2 Zn/air cell using a Ag-catalyzed cathode (Alupower, 80 2= 135 3.4 1.5 80 0.50
Inc.). The cell was discharged at 70 'C in flowing 12 N 600 50 5.0 18.4 6.0 760 U.65
KOH solution, with intermittent refueling with zinc. 1000 60 13 69 13.8 1210 1.1

*Total passive power dissipation for air and electrolyte flow circuits,
250 cm2 cells is under construction for mobile testing. for rated cell power of 2 kW/m 2.

Long duration tests were conducted using a silver-catalyzed
air electrode (Alupower, Inc., Warren NJ). Figure 2 shows stable Applications and analyses
operation at 1.15 kA/m 2 and 70 C for fixed load discharges without Experimental zinc/ferricyanide load leveling batteries were
active heat rejection. This monopolar cell was fed from a hopper limited to a few hundred cycles by anode shape change, and
(top 2 cm in the photograph of Figure 3) which was periodically exhibited the relatively high polarization characteristic of planar zinc
replenished with weighted quantities of zinc. Particle bridges formed exhbted the aton c isc o r zn
even when the cell was discharged on a shaker table under electrodes. Capacity was limited by the amount of zinc supported on
conditions normally leading to powder compacting (20-50 mG the anode.1 The development of a self-feeding cell obviates
horizontal and vertical accelerations at 60 and 120 Hz). Anode problems of shape change and cycle life, while the high surface area
current collection was from a nickel expanded metal screen separated of particles lowers the cell resistance and increases power. Since
from the cathode by a porous polymer membrane. Coulomb both reactants may now be stored outside of the cell and injected on
efficiencies approached 99% after 2 h of operation, and determined demand, the capacity is arbitrarily large and fully independent of
by comparing the time-integrated load current with the amount of power rating.
zinc added to maintain a constant level in the hopper. 6  Stationary zinc/air power sources for emergency or silent

The scaleup of self-feeding configurations was tested in power benefit from indefinite dry shelf life, low standby losses once
activated, and the ability to be refueled indefinitely by exchange of1000 cm2 cells with tapered (1-6 mm) anode chambers and having a reactants. Hydraulic refueling allows partial recharge, cell

modular design for either monopolar or bipolar stacking. The air equalization, and refueling under load. The use of hoppers as
electrode was housed in a replaceable internal cassette, which mated buffers between individual cells and a rapidly flowing slurry
with a permanent frame containing internal air and electrolyte flow protects the fragile interior components of the cells and minimizes
channels. Cell voltage suffered because of high resistance in central the impulse imparted to the electrodes by handling or road shocks.
feed-throughs (1.05 V at 60 A, 35 'C). The particle bridge and gap Mobile applications of this technology (reported in open6 ,7
formation was found for 1 mm particles (Figure 4), and hydraulic and in detailed proprietary documents) exploit both the high energy
power dissipation for electrolyte flow was negligible despite the 30 density and rapid refuelability to increase range and to allow nearly
cm height of the cell. (Table 1). continuous operation by means of periodic refueling.

Improved peripheral current collection and positive rib The weight (W) and volume (V) of the battery of current
support within air and zinc chambers was tested in 80 cm 2 cells design can be represented by a linear combination of peak rated
designed for bipolar assembly. These laminated cells have internal power (P) and nameplate energy (E):
electrolyte and air distribution channels. The improved polarization
in Figure 6 results from (1) an improved air electrode catalyst and
(2) an air-electrode support structure which compresses the cathode, W = K1 P + K2 E, and V = K3 P + K4 E. (1)
separator and anode current collector between opposing rib-like
structures. The air electrode (model AE 100, catalyzed with of Co For the bipolar stack and support auxiliaries under construction, K1
tetramethyl-phenyl-porphyrin, CoTMPP) was supplied by Eltech, 5 k W K2 = 1.1 kg/kWh, K3 = 5.6 liters/kW, and K4
Inc. Similar polarization with an Alupower, Inc. electrode using 0 lekWh Th spcii enegie an powers i ed by )
CoTMPP have been reported. This proprietary configuration has 0.74 liters/kWh. The specific energies and powers implied by (1)
been replicated into fully engineered 250-cm 2 bipolar cell stacks are not as high as found with paste-type zinc anodes. We have
with internal circulation of air and electrolyte. The stack will be gained the benefits of rapid and simple refueling without
tested (1994) as a refuelable, stand-alone replacement for infrastructure by imposing the constraint of maintaining reaction
commercial lead/acid electric-bus batteries, delivering twice the products as pumpable fluids. This constraint determines the size of
energy in a unit having the same dimensions and half the weight. K2 and K4 .

Existing laboratory cells allowed time-lapse video and still The manufacturing cost of the battery depends strongly on
macrophotography of the evolution of the bed during extended the cost of the air electrode and its plastic holder (- $120/m 2 for lots
discharge periods. Except for the 1000 cm 2 scale, the bed is of 500,000 m2 ) and the rated power of the cell (5 kW/m 2 ). An
sufficiently narrow to allow observations of the anode current assembled system will cost wholesale about $50/kW-rated power +
collector and separator. The following summarizes our observations: $2/kWh nameplate capacity, when the costs of auxiliaries, assembly
(1) A steady-statepopulation of gaps and bridges develops in about labor, materials and markups are counted.
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Problems and Discussion

The limiting aspects of this technology are (1) air electrode
life, a function of duty cycle; (2) limiting electrolyte capacity
(Ah/liter) for maintaining fluidity of discharge products; (3)
tolerance of air/electrolyte seals and junctions to mechanical fatigue
and chemical attack; and (4) polarization of the air-electrode (which
limits surface power density).

Air electrode life is greatest under conditions of fixed-rate
discharge at 2-3 kA/m 2 and moderate temperatures (55-65 0C);
under these conditions, operation without failure for 12,0(0 hours
have been achieved in similar alkaline electrolytes.8 Cycling to high
power levels and long periods on standby reduce life. Electrolyte
loading capacities of 250 Ah/liter limit energy densities to about 200
Wh/kg; this is sufficient for many applications. The use of hoppers
minimizes stress on the air electrode and air/liquid barriers compared
with other designs. The rate of fatigue failure of the seals resulting
from pressure fluctuations and vibrations has not been determined,
but it is likely to be controlling. Because of the moderate surface
power density of Zn/air (5 kW/m 2 ), the desire to minimize air
electrode area to minimize cost, and the favorable operating lifetimes
achieved with low fixed discharge rates, some applications will Figure 4. Particles (1-am x 1 mm) form bridges in stationary beds
benefit from hybridization with a high power device (supercapacitor up to 5 mm thick. Shown here is a mature bed segment in a
or high-rate battery) to provide for peak power excursions and 61000 cm2 cell (horizontal field of view. 45 mm). 2
electrical regeneration.

1.8
Conclusions 5

When both anode and cathode reactants are fluids which are C
readily transferred on demand into the cell, electrode morphology
and shape change no longer determine life-cycle cost and the high 4 14

surface/volume ratio of the anode particles decreases polarization N 2

losses. We believe we have solved a fundamental problem of IP
stationary particle bed anodes by providing a configuration of low 3 1
hydraulic resistance in the steady-state, through the formation of -

particle bridges and gaps between closely-spaced and tapered walls. 08

Electrolyte forced convection, necessary for mass transport and for 2 06
effective thermal control, may be achieved with only a trivial
parasitic power loss. OA

The use of hoppers to receive and store zinc particles isolates I
the fragile interior of the cell from feed stream, allowing high 02
transfer rates without fear of damaging the cell. The hoppers also
allow partial recharge, cell equalization, and can be modified for 0 0
refueling under load without danger of shorting. 0 1 2 3 4 5 6 7 8 9

The value of this technology derives from two unique
attributes. (1) The cost of the battery (per rated power and especially Currett density, kA/m2

per nameplate capacity) is very low compared with existing or
projected secondary or reconstructable batteries. (2) The ability to be Figure 5. Polarization curves from the discharge of 80-cm2 cells
rapidly refueled by zinc recovered by the owner in a simple process were recorded at successive stages of electrolyte
obviates the need for commercial recycling infrastructure, exhaustion: (a) 36-, (b) 54- and (c) 126 Ah/liter at 65 0C.

Figure 3. A steady-state network of bridges and gaps allow flow with negligible hydraulic resistance. Shown here is a 30 cm x 20 cm cell
after 15 hours of operation (left); 0. 1 mm fines are entrained by the electrolyte and collect and discharge at the top of the bed (right).
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USER EXPER~iEN(E OF THE ALL•UL LM.AIM RESERVE POWER SYSTEM

S P Lapp, Alupower Canada Limited, Kingston, Ontario
S M Warner, Alupower/(loride Limited, Swinton, England
G M Scamans and R DuBois, Alupower Inc., Warren, NJ

The first aluminum-air reserve power unit (RPU) was The aluminum-air RPU depends on the use of aluminum as a
developed at the request of British Telecom (BT) who required a compact energy storage medium. For the power source to be
compact standby power unit that would fit in their System X equipment successful aluminum anodes must be supplied at low cost whilst
rack and provide an output of 500 W for 48 hours. This unit was providing the highest possible coulombic efficiency and the minimum
developed in Alcan's Kingston research center and was tested at Blrs open circuit corrosion rate9. This is essential to minimize heat and
test facility in the UK within six months t . The prototype unit satisfied hydrogen production during discharge and to ensure re-start of a
the BT requirement and had an energy density of over 300 Wh/kg and partially discharged cell stack. All RPU power sources use an
a three year development program was then started with BT. During aluminum alloy anode, known as EB, which contains low level
this development period the BT requirement changed progressively to additions of tin and magnesium and is used with a low level of tin
1200 W for 48 hours and eventually to 6000 W for 5 days. Although a dissolved in the power source electrolyte to maximize anode efficiency.
1200 W system, which was essentially the smaller unit with a double The aluminum anode and the electrolyte are replaced after each
stack of cells and a larger electrolyte reservoir, was developed and complete system discharge or when the capacity of the system after
tested, the final requirement was beyond the economic feasibility of an partial use is less than the minimum specified reserve time.
aluminum-air RPU compared to a diesel generator.

The cathodic reactant is oxygen which is supplied from the
The development of the RPU in Europe has then focused on ambient air through a carbon based catalytic membrane. Such

an application for France Telecom (FT) whose requirement was 500 W electrodes are widely available but are not made by a continuous
for 100 hours for reserve power for a new rural exchange network, production technique as employed by Alupower to minimize produc-
The FT test program which began in 1989 should be completed later tion costs 10. The critical cathode issue for use in a RPU system
this year and field deployment should begin this year. A similar concerns re-use as at least three complete cell discharges are required,
program is underway with the Italian telecom company SIP who are using new anodes each time, to minimize the cost of system re-
presently field testing two 1200 W units. fuelling. The RPU cell uses a laminated cathode of active carbon

catalyzed with silver which shows a low level of polarization at current
More recently the cellular network and cable network compa- densities up to 160 mA/cm2.

nies in the UK represented by Mercury One-2-One and NYNEX have
been evaluating the aluminum-air RPU as a compact source of quiet Initially, the electrolyte used was 4.5M KOH which allowed
reserve power to provide extended protection against power outages. precipitation of the aluminum hydroxide reaction product to occur
A unit deployed by Mercury in a live site at an important network node which maximized energy density as electrolyte capacity was of the
supported a loss of power for over 35 hours which was the first order of 1000 AM. However precipitation of the reaction product was
operating site discharge of a RPU. difficult to control with the required reliability so the electrolyte

strength was increased to 8M KOH to maximize dissolved aluminum
In North America and Japan the reserve power requirement solubility to prevent any solid product forming even when the

tends to be higher than in Europe which has led to the development of a aluminum anode was fully discharged. This electrolyte has a capacity
6 kW, 12 hour unit based on the use of a larger electrode area cell of 500 Ahfliter so twice the volume of electrolyte is required for the
design. This unit is at the final prototype test stage and is undergoing same power source capacity as before. Solids-free operation provides
customer evaluation for a range of telecom standby power applications the essential system reliability and simplifies the re-fuelling and
from central offices to controlled environment vaults (CEVs). refurbishment operation.
NYNEX, however, have strong interest in the 1200 W unit modified to
fit a standard Lineage 2000 equipment rack in the same space that could
be occupied by a 330 Ah lead-acid battery. They are at the stage of PUMP MOR CELL BS
starting field trials.PM OO

The paper will present the basic technology of the aluminum-air
RPU and will then detail the user experience that has been made T FLOW

available for publication and demonstrates particular features of RPU MNLET now

operation. MANIFOLD

The development of the aluminum-air RPU has been described NUT EXCHANGER
in publications presented at specialized Telecom power conferences and ELECTROLYTE RESERVOIR

have also developed the economic argument for the use of this system
compared to lead-acid batteries or diesel generators 2 -8. The purpose of
the present paper is to bring the aluminum-air RPU to a wider power OUTER CASING SEVI POIN
source audience.

Figure 1. Schematic drawing of the AL-600 reserve power unit
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The main components of an aluminum-air RPU are shown in Figure 3(a) the RPU, which had 44 rather than 48 cells to provide a
Figure 1 which is a schematic of the AL-600 uniL The cell stack is a better voltage match with the lead-acid batteries.
bank of twelve twin cells connected to a manifold with connections for
electrolyte flow. The electrolyte reservoir holds the 8M KOH ...................... ...................... .
electrolyte which is pumped into the cell stack to activate discharge and M. .... : ................ - ; .,i

is returned to the reservoir when the system is deactivated. The system ... .. ... . ........... .............
is also provided with an air blower to supply air to the cathodes, aheat ca. ... .........

exchanger and fans to control electrolyte temperature to a maximum of ' LM .........- thn ......... ......
670C, an electrolyte pump and a controller which can be either mounted oLW ........... .......... .'.....

on the front panel of the unit or positioned as a separate rack-mounted ... ............ .................... ..................... .

unit. The control unit monitors and controls all RPU operations and
has an RS232 data port for external communications. The AL- 1200 ..-I .. . ........ .. ... ..... ....... , ..................... .....................
unit uses the same twin cells but has a second bank of cells positioned
over a larger electrolyte reservoir, the 48 cells of this unit can be tom V.-6 r-16 .,

connected either in series to provide a nominal 48 V or as banks of 24

cells in series connected in two parallel stacks to provide a nominal 24 Figure 3(a). Current/time discharge of the 44-cell AL-1200 RPU
V. The AL-6000 unit has a larger cell with an electrode area of 1000 showing both RPU and lead-acid currents.
cm

2 
compared to 340 cm

2 
for each cell of the twin cell. This urft can

also be configured as a AL-3000 unit using a smaller heat exchanger.
The discharge performance of the four units as a function of output s
power is shown in Figure 2. 4 .. ...... .. . ... _....

10000 V 4.
• 1-~~~'Wý '000 .......................... ,

5 0 0 0: .. ... . ..... .. ..........

5000 Ný -60

2000 o vA3000

1000. Figure 3(b). System voltage during the discharge of the AL-1200
SAl-1200 RPU.

Z 500T A.0.......

2000 2"0 4"0 6"0 8"0 100 p- .....== .................. ...

Discharge Time (hrs) r ...

Figure 2. Discharge duration as a function of power level

The RPU is deployed as part of a reserve power system with _____________

lead-acid batteries to respond to the initial loss of external power. The C f. t r" -W 19
lead-acid battery is sized to cover the majority of power breaks and
usually has capacity for 1-5 hours of discharge. The RPU is only Figure 3(c). Electrolyte reservoir (sump) and ambient temperature
activated during extended power outages on a low voltage signal from during the AL- 1200 RPU discharge.
the lead-acid battery which also provides the initial power to activate
the RPU. The RPU may be connected directly in parallel with the lead- supported both the load current and recharged the lead-acid batteries for
acid battery or can be interfaced through a DC/DC converter to the load thirty hours after which time the load was supported by both the RPU

equipment. and the recharged lead-acid batteries until the RPU had provided a total
of 52.5 kWh. This is equivalent to 57.3 kWh from a 48 cell AL-1200

t unit which is very close to the nominal rating at 1200W of 48 hours
discharge which is 57.6 kWh as shown in Figure 2. System voltage

SDuaiwas at all times between 44 and 49.5V which was within the required
voltage window set by NYNEX as shown in Figure 3(b). The

A deliberately instigated discharge of a modified AL-1200 RPU maximum electrolyte temperature when the RPU was at maximum
by NYNEX in New York is shown in Figure 3(a)-(c). The RPU was power was 67*C. The ambient temperature varied from 30 to 350C
connected in parallel with an AT&T,24X,VR300E lead-acid battery during the 52 hour discharge as shown in Figure 3(c).
which was discharged from a fully charged 54.5 down to 44 V which
activated the RPU. As can be seen from the current/time curves in
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An AL-1200 unit was supplied to Mercury One-2-One on a Ontarui, lIydro ran a series of repeated discharges of an AL-600
three month trial basis as part of a reserve power system for an unit over a test period of seven months in 1992. The unit was started

important transmission high site of their cellular network. Within one with electrolyte temperatures in the range 20-50°C depending on both
week of installation the unit operated for 7 hours after the lead acid the ambient temperature and the time between discharges as the
batteries were discharged. On its second operation, two weeks later, electrolyte remains warm for several hours after discharge and the time
the unit ran for a further 35 hours and in total provided 59.7 kWh to achieve 600 W output power was noted. The unit was then
which is 1136 Ah/cell. The unit was regenerated with new anodes and discharged at 600 W for times up to three hours. Satisfactory re-start

by electrolyte replacement and was again called into operation one was achieved twelve times up to 40 % discharge when the unit took
week later for 2 hours. The unit has now been stored for a further 7 more than 2.5 hours to reach 600 W. Further restarts were then
months on active standby since this activation and shut down. achieved with new anodes and new electrolyte.

Cell Re-use Figures 4(a) and 4(b) show the consecutive discharge of an AL-

600 unit with six days of standby between each discharge. The first

In-house testing has shown that under release test conditions of five discharges are shown in Figure 4(a) which show that the time to
a 48 hour discharge at 80 mAlcm 2 of a cell from either the AL-600 or reach an output level of 500 W increases progressively as the total time
AL-1200 RPU that the cell voltage decays from an average initial value of discharge accumulates. On the fifth run the unit was unable to
of 1.35V down to 1. 16V at the end of discharge. Most of this decay in provide a re-charge of the lead-acid battery before its voltage had
cell voltage is due to increased cell gap as the anode is consumed and a declined to a minimum pre-set level. Renewal of the electrolyte as
loss of electrolyte conductivity as it becomes more and more saturated shown in Figure 4(b) restored start-up performance for the sixth
with dissolved aluminate. Washing of the cathode and re-use restores discharge.

performance to 1.34V which decays down to 1.15V after a second 48 1000
hour cell discharge. Similarly runs three and four decay from 1.33V 3
down to 1.14V and 1.30V down to I.IOV respectively. On the fifth 4
run the performance of the cathode is marginal as the cell voltage 750
decays from 1.23V down to 1.00V which is the minimum acceptable

voltage. This data shows that at least three cell re-uses are possible
using the same cathode. 500o

Similar testing of repeated discharge of the larger cell for the
AL-6000 unit has shown that after three twelve hour discharge cycles 250
at a constant current of 125 A using new anodes and electrolyte each
time then the loss of cathode potential is less than 50 mV/discharge. TOTAL RUN TIME 22.5 HOURS
On the fourth cycle the cell reached 1.00 V after nine hours of 0 __1-____

discharge. 0 0.5 1.0 1.5 2.0 2.5 3.0
HOURS

Re-IalrtCallZIy Figure 4(a). Consecutive discharges of an AL-600 RPU with 6

Time to full power depends on the temperature of the electro days storage between discharges.

lyte, the characteristics of the DC/DC converter (if fitted), the capacity 1000.

and state of discharge of the lead-acid batteries and the discharge and
storage history of the RPU cells. At temperatures of 15°C and above 6
full power is achieved in 10-30 minutes for a unit with new cells and 5750 1

electrolyte. The spread is due to the variation in lead-acid battery V)
requirements which changes the maximum load needed from the RPU. So0
Below 15 0C the time to full power increases progressively as the
electrolyte temperature falls and it is advisable to fit a low power
electrolyte heater pad which maintains the electrolyte temperature above 250
150C.

In addition to our own studies of re-start capability both Ontario 0
Hydro and France Telecom have subjected RPUs to repeated re-start 0 0.5 1.0 1.5 2.0 2.5 3.0
tests. FT started and ran an AL-600 unit for three hours, then left the HOURS
unit in standby mode for three weeks and achieved a total of 14 re-
starts using this operational cycle. Loss of re-start capability was due Figure 4(b). Discharge of the AL-600 RPU after electrolyte renewal
to the high level of dissolved aluminate which reduces electrolyte
conductivity and limits re-start capability to the point where the unit has Extend d by
been 50-60 % discharged. This can be improved by increasing the
volume of electrolyte available to reduce the aluminate concentration. Although a newly installed RPU in the un-activated condition
Re-start becomes difficult once an electrolyte capacity of 240 Ah/I has has a virtually unlimited shelf life as neither the anode nor the cathode
been reached which is nearly half the maximum solids free capacity of degrade and carbonation of the electrolyte is insignificant the issue is

500 AMl. how long a unit can remain on standby after activation and still be
capable of effective re-start and further discharge.
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To examine this, at the cell level, cells were put through a

simulated start up and lead-acid battery re-charge and then stored them The anum-air RPU has been in development since 1986 as
over baths of electrolyte for 10 days at 600C after which time thy we an extended duration standby power source for applications in telecom
discharged again and then stored for a further 23 days. After this networks. The power range of units developed to date has been from
discharge the cells were stored for a further 63 days at 60*C and re-testd. he imeto eac a owerlevl o 45W/clI hic is 200W to 6000W and discharge times are from 12 to over 100 hourstested. The tim e to reach a po wer level of 45 W /cell w hich is de n i g ont ep r cua u it nd he ow rl v .
equivalent to a high power level of 2160 W for a AL-1200 unit dependingon the particularunitand the powerlevel.
extended progressively from 1.5 hours, to 2 hours, to 2.5 hours and Extensive user evaluation has been completed both by
finally to 3 hours. Even after repeated discharge and a total storage established major telecom companies and by emerging cellular network
time of 96 days at 600C these results show that the RPU in tandem with estanished elecon c anesuand b in g c ulatwora lead-acid battery can still activate and support an external load and companies. These evaluations have substantiated discharge duration

al c d uerycanstion s rte fr teoms atimes and have confirmed that multiple restart is possible up to
provide extended duration support for telecoms. electrolyte capacities of 240 AM. Extended standby life after activation

looks promising from accelerated testing of single cells.

The volumetric and gravimetric energy and power densities of The present solids free RPU design has an energy density of

the AL-600, which has a volume of 209 1 and weighs 160 kg, are the order of 160-200 WhVkg over most of its operational range.

shown in Table l(a) as a function of output power level. At low
powers of operation the hotel loads a a significant proportion of The first unit activated on a live site as part of a cellular network
net power and hence energy density is reduced. Reduced energy provided the expected level of standby power integrated over two
density at the higher power levels is due to electrode polarization as the separate discharge events. Field demonstrations are in progress with
current density increases. The AL-1200 has slightly higher severa major telecom companies in North Ameca Europe and Japan.
power densities as the AL-600 at twice the output power level in each Acknole~ments
case. This is because the AL-600 has a 60 1 electrolyte reservoir
whereas the present AL-1200 has a 100 1 electrolyte reservoir. The Development of the aluminum-air RPU has been a team effort
energy and power density figures for the AL-6000 RPU, which has a and the extensive efforts of all those involved is gratefully acknowl-
volume of 626 1 and a weight of 440 kg when filled with electrolyte, edged particularly Bob Moore, Tony Warburton and Allan Williams at
are shown in Table I (b). Alupower/Chloride, John Dawson, Graham McGregor and Mike

Schoeneweiss at Alupower Canada and Chris Cestone, Bill Hoge,
Bhaskara Rao and John SanGiacomo at Alupower Inc.

Net Power Energy Specific Specific

Power Density Density Power Energy Refencs
(W) (W/l) (Wh/l) (W/kg) (Wh/kg)

200 1.0 126 1.3 165 (1) O'Callaghan W B, Fitzpatrick N P and Peters K, "The
aluminum-air reserve battery - a power supply for prolonged

400 1.9 153 2.5 200 emergencies," Intelec 89, Eleventh International Telecommuni-

600 2.9 144 3.8 188 cations Energy Conference, Firenze, Italy.
(2) O'Connor J A, "A new dual reserve power system for small

800 3.8 115 5.0 150 telephone exchanges," Intelec 89, Firenze, Italy.

1000 4.8 86 6.3 112 (3) Hodgson P and Heath M, "Interfacing the aluminum-air battery
with telecommunications equipment," Intelec 90, Orlando,
1990.

(4) Warner S M, "The operation of aluminum-air reserve power
Table l(a). Energy and power density as a function of output systems," Intelec 91,

power for the AL-600 RPU (5) Scamans G M and Warner S M, "Operation of aluminum-air
reserve power systems," ERA Battery Conference, London,
1991.

(6) Warner S M, "Standby power - a practical range extender,"

Net Power Energy Specific Specific ERA Battery Conference, London, 1992.
Power Density Density Power Energy (7) Scamans G M, Lapp S P, Warner S M and Holmes D, "Further

(W) (W/l) (Wh/l) (W/kg) (Wh/kg) development of the aluminum-air telecommunications reserve
2000 3.2 141 4.6 201 power source," Intelec 92, Washington, 1992.

(8) Warner S M, "Extending the reliability of DC power in a
3000 4.8 144 6.8 205 telecommunications network," Intelec 93, Paris 1993.

6000 9.5 115 13.6 164 (9) Scamans G M, Creber D K and Stannard J H, "The aluminum
fuel cell in transportation applications," Power Sources 36,
Cherry Hill, 1994.

Table I(b). Energy and power density as a function of output (10) Hoge W, " An approach to the mass production of gas
power for the AL-6000 RPU diffusion electrodes," Power Sources 35, Cherry Hill, 1992.
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HIGH PERFORMANCE THERMOPHOTOVOLTAIC EMITTERS*

Robert E. Nelson
Tecogen Division

Thermo Power Corporation
45 First Avenue

Waltham. MA 02254-8995

Introduction Fibrous Emitters

Thermophotovoltaics (TPV) Is the direct energy conversion During the 1980's, high performance emitter development was
process where a primary energy source (chemical flame, nuclear carried out at The Gillette Company. Gillette was interested in fossil
reactor, concentrated solar energy, etc.) is used to elevate a fuel powered emitters that generated radiant output in the visible and
radiating structure to incandescent temperatures. The radiant near IR. This work, in addition, was devoted exclusively to fibrous
energy is collected on an array of semiconductor photoconverters refractory oxide ceramic emitters. Small diameter (10 pm diameter)
which transforms the incident radiation directly into electrical power. fibers were chosen as the emissive medium because fibrous
When this process was invented1 about thirty years ago, most of the structures have several advantages over monolithic ceramic
early developers2 of this technology utilized black- (or gray) bodies emitters. First, a small diameter fiber survives thermal stress
as the radiant source. Since conventional photovoltaic converters because no appreciable thermal stresses are built up in the small
are responsive efficiently only over a narrow bandwidth interval, diametral dimension. Thermal stress built up along the axis of the
these early investigators attempted to reflect nonphotoconvertible fiber Is relieved by a flexing of the fiber. Furthermore, the fibrous
(mostly long wavelength) radiation back to the source with network couples well to the flame's combustion products. In fact, the
interference filters or other means In an attempt to enhance the 10 j;m fibers are in approximate thermal equilibrium with the
conversion efficiency of the TPV process. Various losses including combustion gases, where fiber temperatures ranging from 1500 to
filter absorption, view factor considerations, and reabsorption 17000C are pissible with conventional fossil fuel (gasoline, diesel
problems at the emitter combined to cause a search for selective fuel, propar%, natural gas, etc.) flames. In addition, a small diameter
emitters which did not require these kinds of filtering mechanisms. fiber allows some control of unwanted (or broad band) emission.

Most oxide ceramics have a high temperature gray body emittance
from 0.2 to 0.4 over the spectral region of interest to us. 0.5 to 5 tun.
This leads to substantial broadband emission in conventional

In the 1970's, investigators at the U.S. Army Fort Monmouth monolithic emitters. When the ceramic emitter is composed of smallLaboratory determined that the rare earth oxides provided a potential diameter fibers, this optically thin structure does not generate
source of selective emitters for TPV applications. The rare earth daee ies hsotclyti tutr osntgnrt
sourcenof selectivue emittersfor tPVapplicathe rtoare earthe appreciable gray body emission. Fiber dimensions, however, cannot
elements are unique among the stable elements insofar as they be reduced to arbitrarily small sizes because the desirable emission
appear to be chemically similar. That is, they have the same number from the selective electronic transitions in certain rare earths will be
of valence electrons (3), but all, of course, have different atomic affected. Finally, the small diameter fibers exhibit a rapid thermal
numbers. This set of conditions can be satisfied only if electronic response time. With the high thermal transfer coefficient and low
vacancies exist in the inner electron shells. These vacancies permit heat capacity of the small volume fibers, a thermal response time of
electronic transitions that energetically fall into the visible and near 20 milliseconds has been experimentally determineds for fibrous
IR portions of the electromagnetic spectrum. In addition, all the rare emitter structures similar to ours. This rapid thermal response time
earth elements form stable oxides that are refractory with about the has desirable implications. Emitters can be brought up to operating
same melting point (about 26000C). Guazzoni 3 was the first temperatures quickly, and load following or power regulation Is

investigator to report the high temperature emittance of selected rare pratical iTPenry cnversion systems.

earth oxides, and he identified ytterbia and erbia as important TPV practical in TPV energy conversion systems.

candidate emitters to illuminate elemental silicon and germanium
photoconverters, respectively.

A filamentary network of small diameter fibers is, in fact, a
Guazzoni and coworkers attempted to fabricate practical common emitter structure inasmuch as the Welsbach gas lighting

monolithic emitters out of erbia by employing conventional ceramic mantle6 is well known and the most efficient converter of the heat of
fabrication processes such as slip casting as well as pressing and gas combustion into luminous output. The unique material
sintering. Because of thermal stress fracturing, these emitters were composition (99.3% by weight of thoria and 0.7% by weigbt of ceria)
incapable of surviving thermal cycles in excess of 1 000°C. 4  of the Welsbach mantle exhibits in fibrous form an unusual spectral
Guazzoni and coworkers developed a composite emitter structure emittance7 that is very high in the visible and very low in the near IR.
comprised of a core material, silicon carbide, which was capable of The Welsbach mantle exhibits also a significant detriment, and for
surviving thermal cycling to higher temperatures, and a thin coating those who use camping lanterns with mantles, the fragility of these
of erbia deposited over the silicon carbide. Since a thin coating of delicate light emitters is an obvious problem. Generally speaking,
erbia is transparent (diathermous) in the infrared except for narrow ceramic fibers fracture because they contain flaws which originate
band opaqueness arising from the electronic transition mechanism, during the fabrication process and which act as stress raisers that
Guazzoni's composite emitter resembled a gray body emitter arising cause flaws or cracks to propagate and result in fiber failure far
from the properties of the silicon carbide core with superimposed below the ceramic's intrinsic tensile limit.
emissions arising from the rare earth electronic transitions peculiar
to erbia (a dominant emission at 1.55 lim in the IR and a smaller
monochromatic green emission at 530 nm in the visible). These
composite emitters were capable of reaching the temperatures
necessary for TPV service, but the substantial amount of broadband
emission was not a significant improvement over the earlier gray
body emitters.

"This work has been supported by the Basic Research Group

of the Gas Research Institute, Chicago, Illinois.
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Supoorted Continuous Fiber Emitter

We have developed a fiber fabrication process$ that greatly For applications requiring largc emitters, we have pointed out
reduces the density and severity of these flaws to increase the vulnerability of large mantles to mechanical damage. An array
substantially the mechanical impact resistance of these devices. We of small conventional mantles may be considered but this approach
employ a specialized cellulosic support process to fabricate the generally involves complexity, and view factors are adversely
mantle. We begin with a textile precursor in the form of a dosed end affected. A new construction' has been developed that preserves
cylinder that is knitted, woven, or braided out of rayon yarn. The the desirable properties of fibrous emitters in robust structures of
textile precursor is impregnated with aqueous salt solutions of the arbitrary size. One embodiment of this novel construction is shown
metals of interest. The treated rayon is subsequently thermally in Figure 1. Here the optically active fibers are anchored to a porous
processed to (1) convert the metal salt to the desired refractory oxide substrate called Celcor which is an extruded cordierite product
and to (2) pyrolyze away the rayon precursor to yield the final manufactured by Corning as a catalytic support. An air/fuel premix.
product composed of refractory ceramic. The final product has the in the simplest embodiment, is delivered to the structure from the
morphology of the precursor but with greatly reduced final plenum side. The flame front is located in a plane above the
dimensions. Uncontrolled pyrolysis such as the simple burning of substrate but within the fiber network where a high rate of thermal
the impregnated rayon precursor generates large volumes of transfer from the combustion products to the optically active fibers
decomposition gas in the interior of the rayon filament. Large rifts takes place. The substrate, to first order, does not participate in the
occur in the rayon as the gases escape. These rifts may be so large radiation process because its temperature is far lower than that of
that they do not heal or sinter during final processing. Our process the radiating fibers. The substrate, therefore, may be chosen for
begins with a thermal treatment to facilitate the escape of these practical considerations such as cost, mechanical strength, etc. and
gases, and our process carefully controls the pyrolysis step to permit other substrate characteristics such as thermal stability, thermal
the orderly decomposition of the precursor. With our procedure, an coefficient of expansion, and optical properties are unimportant. The
improvement in impact resistance that is about two orders of substrate, furthermore, acts as a fuel/air delivery system, and
magnitude improvement over conventionally processed devices is substrate porosity is adjusted to provide flame stability (prevention
possible. of flashback) and to maximize the turn down ratio.

Mechanical Impact Strength The structure of Figure 1 is fabricated by impregnating rayon

yam with the appropriate molarity of an aqueous metal salt solution.

Even though mantle emitters of enhanced mechanical strength The metal salt, of course, is chosen to yield the ceramic with the
are possible with the aforementioned specialized processing, the desired optical characteristics. The treated yarn bundles are
mantle geometry still has shortcomings. We have performed a subsequently inserted into the Celcor substrate as an uncut looped
simplified mechanical analysis of the mantle geometry by evaluating pile. Controlled thermal processing of the imbibed rayon yarn
the maximum stresses developed in the mantle fibers at the completes the conversion of the treated rayon precursor into the
attachment point when the mantle is subject to inertial forces. desired durable fibrous ceramic.
A cantilevered hollow beam analogue has been chosen to represent
the mantle. The maximum bending stress Sb turns out to be Selective Rare Earth Candidates

Sdpa = L2/D Ytterbia and erbia have already been identified as emitter

candidates for TPV applications. In fibrous form, these rare earths

where L is the mantle's length (from the attachment plane to the free can be very selective.'0 Normalized exitances of fibrous (10 Aim
end) and D is the mantle's diameter at the attachment plane. p is the diameter filaments) ytterbia and erbia are shown in Figures 2 and 3,
density of the mantle material, and "a" is the acceleration (or respectively. These emitters are powered by isobutane/air flames.
deceleration) in, say, g's. In the analysis the thickness of the mantle Ytterbia has a single emission at 0.98 A±m with a full width at half
fabric drops out of the formulation when it is assumed, realistically, maximum (FWHM) of about 150 nm. Erbia's dominant emission is
that the thickness is much less than either mantle dimension L or D. at 1.55 jim with a FWHM that can be as low as 65 nm. There may
We have little control of p since the optical characteristics govern the be TPV applications that are powered by sources with temperatures
ceramic choice. Since the stress per unit g is proportional to L2/D in far lower than those of chemical flames. We include a fibrous holmia
this bending analysis, some comments on overall mantle strength example in Figure 4 with a selective emission at about 2 jim which
can be made. Long slender mantles are more vulnerable to damage is best powered by a 1500 K thermal source. A number of other rare
than short, squat structures. Typically, commercial mantles exhibit earths exhibit selective emission with substantial radiant output in
a mantle diameter which is approximately equal to the mantle's the interval from 1 to 2.5 jim.
unsupported length. Thus, a second conclusion may be made which
is intuitively acceptable. As the mantle size increases (L or D Conclusion
increases), the bending stress increases proportionally with either
dimension. Therefore, large mantles are more vulnerable to damage Rare earth oxides in fibrous form provide many candidate
than small mantles. Caution must be used here to avoid extending emitter options that are compatible with available photoconverters.
the aforementioned stress relationship to small L's in order to reduce The fibers, which can be fabricated in durable form and incorporated
bending stress. This is an improper use of the cantilevered hollow into support structures, are refractory and stable in flame
beam model and a drumhead model would be more appropriate for environments. Very selective emission with low off-band emission
L's substantially smaller than D's. is available for TPV applications. Small diameter fiber emitters

exhibit rapid thermal response times along with high radiation
efficiencies and thermal stress resistance.

149



~O AVA

FIBER BUNDLE LOOP

CELCOR

SUBSTRATE ,40

20

AI0 nom 1000 I=0 140 low0 I=c 2111 Z=2
WAVELENGTH [nimj

PLENUM Figure 4. Normalized Spectral Exitance of Fibruus Holmia

Figure I. Supported Continuous Fiber Emitter.
Pore spacing in substrate has been exaggerated
for clarity. Inset demonstrates actual pore/web
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HIGH TEMPERATURE EMITTERS FOR THERMOPHOTOVOLTAIC
POWER SYSTEMS

P. Adair, M. F. Rose, T. Owens and K. Schroeder
Space Power Institute

231 Leach Science Center
Auburn University, AL 36849

Abstract against which the performance of selective line emitters
must be judged with respect to spectral content and

Thermophotovoltaics is the term applied to the efficiency.
technique for energy conversion whereby the energy emitted
by an incandescent source is converted to electrical energy Clearly the intensity at a given wavelength is a
by a photovoltaic cell. The selective line emitters are made function of the temperature and it is this temperature which
from oxides of the rare earths such as erbia. These emitters will also determine the efficiency of selective line emitters. If
are made through a specialized series of processes which the short wavelength cutoff for the black body spectrum is at
begin with nitrates of the rare earth and end with rare earth a wavelength longer than that required to excite a specific
oxide filaments. A special requirement for these applications line radiator, there will be little or no emission from the
is the need for a robust large area emitter which could take sample. However, the intensity at a particular wavelength is
the shock and vibration of Army applications. Conventional exponential in temperature which should result in a strong
paper making techniques have been used to combine temperature dependence for line emission. This is in fact
materials suitable as binders with the radiating material. As what is observed. In the experiments described below, the
a result, this technique allows for fabrication of large area experimental set up has a limited capability for exploring the
robust emitters which were heretofore unobtainable. These temperature dependence of the emissions.
radiators will be described in some detail as representative
of the process and will be used to illustrate the It has been shown theoreticallyl that certain rare earth
manufacturing technology developed at Auburn University. oxides are capable of emitting as much as 70% of their total
Another approach considered in our laboratory is to produce radiated energy when heated at high temperatures in a
a "modified" blackbody emitter which can withstand single line characterized by their electronic structure. The
sufficiently high temperature operation and produce a reason that this is possible is the unique electronic structure
significant amount of radiant energy. With this approach, of the rare earths. At short wavelengths, in the ultraviolet
preliminary estimates indicate that efficiencies are region of the spectrum, the rare earth oxides tend to have a
comparable to those which can be obtained with selective high emissivity. Fortunately, these modes are only excited
line emitters. efficiently at extremely high temperatures. On the other end

of the spectrum, in the far infrared, similarly, there is little
Introduction energy emitted even though there is a high emissivity for

these materials. For the temperatures contemplated for
All matter is continually emitting radiant energy as a thermophotovoltaics, the emissivity of these materials is

result of the thermal vibration of the particles of which it is effectively low except at the line frequency. As a result, in
composed. By definition, a blackbody radiator absorbs all crystalline solids of these materials, the radiative
radiant energy incident upon it and emits the maximum characteristics of these elements are narrow band emissions,
possible amount of flux per unit area at any given rather than a more broad band continuum superimposed
wavelength or wavelength interval for any body at its upon a line spectrum. The rare earths, in oxide form, which
temperature. All real materials reflect part of the radiant have received significant interest are Nd2O3, Ho203, Er2O3,
energy incident upon them and emit less radiant energy than and Yb203. Table 1 is a listing of some of the electronic
a black body radiator at the same temperature. The radiant parameters for these selected rare earth elements1 .
power density from a blackbody is given by the Stefan-
Boltzmann equation as: The line emission from these elements should be at

the following wavelengths respectively. Nd - 2.5 microns;P = o•(1)

Table 1
where the power density, P, is in watts/meter2 , the constant
5 is the Stefan-Boltzman constant and temperature, T, is in Radiative Characteristics of Potential Rare Earth Emitters

Kelvin. For a non-blackbody source, the above equation is
modified by the emissivity, a factor between 0 and 1, which Element Electronic Photon Bandwidth Maximum Approxi-

Transition Energy Efficiency mate
describes the deviation from a blackbody. The spectral or Temp. at

wavelength, X, distribution of this flux is given by the Max.Ef.

Planck equation as: (eV) (AE8/E8 ) (g) (K)

eao 2 F/ 2 . 2 F7/2  1.9 0.18 70 3000

P.= c.X-5[ec2/XT- 1]j- (2) Er 413/2 -'4 415/2 0.83 0.05 55 2000
Ho 5,7 "• 5is 0.62 0.10 72 1500

in which the parameter PL is the spectral emissive power per

meter 2 per meter wavelength interval and cl and c2 are the Nd 413/2 '' 419/2 0.50 0.15 55 1400

first and second radiation constants. It is this spectrum
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Ho - 2.0 microns; Er - 1.5 microns and Yb - 0.95 microns. surfaces. We have constructed the apparatus to allow both a
Note that some of these materials (Table 1) approach combustion and electrical heat source. In order to make
maximum efficiency at temperatures well within the range accurate efficiency measurements, it would be desirable to

of those already in use in the industry. Further, Chubb'sI heat the samples electrically. In that manner, the input

theoretical analysis indicates that the optimum geometry for power to the heating element must be equal to the power

a radiator is in the form of a fiber with a thickness on the radiated from the surface plus any losses due to convection

order of, or less than, the optical depth at the line frequency. and conduction. For accurate measurements, it may be
The advantage of the thin fibers is in the small optical necessary to conduct this experiment in a vacuum and with

thickness of the fibers. Small fibers effectively limit off-band long cylindrical samples where end effects would be

absorption and emission, characteristic of free carrier negligible.

absorption and lattice defects. Guazzoni 2 has measured
emittances for some of the rare earth oxides at the For our test setup, we thermally heated the composite

characteristic wavelength to be in the 0.4-0.6 range. This is emitter structures via a combustion flame source or by

comparable to values listed in the materials handbook 3 and flowing current through a silicon carbide heating element.

indicates that a substantial power density can be radiated The composite emitters were molded into a cylindrical tube

from structures made from these oxide emitters. A typical shape in order to maximize the thermal coupling to the

blackbody like radiator has a hemispherical emissivity on silicon carbide heating element. The composite emitters, in

the order of 0.75. Until robust large area samples of these the form of a tube, could also then be placed in the flow of a

materials can be fabricated, it is impossible to determine the combustion flame to be thermally excited. When heated, the

efficiency of conversion from the heat of combustion or spectral content of the composite emitter output was

electrical input to line emission. determined by using a Jarrell Ash Quarter Meter Ebert
Monochromator which contained a diffraction grating with a

jN~imental 295 grooves per millimeter ruling and a 2.1 micron blaze. A
thermopile detector was placed at the exit slit of the

Radiator Fabrication monochromator to determine the relative amount of
radiation at each wavelength. A thermopile detector was

The fundamental prerequisite for selected line used because of its uniform absorption over a wide range of

emitters for our application is that they must be strong wavelengths. The power impinging upon the detector head

enough to survive in a battlefield scenario. Furthermore, at each scanned wavelength was then logged using a data

they must be easy to fabricate, capable of fabrication in any

geometry, and relatively inexpensive. The basic technology Results and Discussion
used in the fabrication of our emitters is covered by U. S.
Patents 5,080,963, 5,096,663, and 5,102,745, with significant The basic technique for fabricating unique composites
additions applicable to the unique materials requirements allows the construction of a homogeneous, moldable
placed on selected emitters. Standard paper making structure from components which normally are
techniques are used. The preliminary form of the radiator incompatible. Using this technique, we have also fabricated
consists of a suitable precursor for the rare earth oxide, essentially a blackbody mantle comprised of silicon carbide
cellulose, and quartz fibers which have been blended and fibers with quartz as a binder. We were interested in this
made into a standard sheet of paper. By using this moldable radiator structure because one option for
technique, highly uniform sheets can be made which can be thermophotovoltaic applications is to fabricate a tandem
molded into any form while still wet. When dry, the sample photovoltaic cell which is sensitive to two regions of the
is oxidized to produce a composite structure. The 'radiator spectrum. This of course places the burden for efficiency on
is then annealed at a high temperature in a reducing the cell construction. Conversations with solid state
atmosphere to remove the cellulose and sinterbond the physicists indicate that cells as high as 30% efficiency could
quartz fibers. The sinterbonding provides an excellent mesh be constructed. Conversion from heat of combustion to
which effectively holds the radiating material in place as blackbody radiation using one of these radiators is highly
well as providing structural strength. Quartz is ideal and efficient with the structure emissivity approaching 1. The
can be purchased in a number of sizes. By varying the small size of the fibers ensures high efficiency. Figure 2
constituents, thick paper can be made to the point of being illustrates the emission spectrum from this sample along
essentially optically opaque over a wide range of with a blackbody spectrum at the same temperature
wavelengths. We have used this technique to produce robust calculated from Equation 2. The "dip" in the silicon carbide
radiators from erbium, holmium, and neodymium. curve is due to absorption from water vapor in the air.

Experimental Set Up The technique above has also resulted in "mantle"

Figure 1 is a block diagram of the experimental structures containing rare earth oxides which are robust

assembly used to measure the emission from the emitter enough to make cylindrical structures 1" in diameter and 6"
long. They are easily handled and have survived dropping
to the floor in the process of changing mantles. This is of
interest because rare earth oxides are very brittle and fragile

(Fla- I nate Ett con.dom. oin nature and cannot be used in large area emitters without
"Silk=nos bide 1 [ the structural support of some type of reinforcing material

such as quartz fibers. The strength is governed by the
appropriate heat treatment of the mantle and the ratio of the

Figure 1: Block diagram of experimental test setup by flame constituents. For our application, we feel that this issue is
or electrical heating. solved and strong mantles can be made in most geometries
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Figure 2: Silicon carbide composite emitter versus Figure 4: Holmia composite emitter heated with a
blackbody curve at same temperature. combustion flame.

and if necessary with surface areas of several square feet characteristic of the silicon carbide heating element. Thicker
using our equipment. We have observed radiation from emitter structures should effectively eliminate that problem.
mantles excited both electrically and with combustion heat Figures 7-9 illustrate the data from erbia, holmia, and
sources. Figures 3-5 are a compilation of the results of the neodymia. Note that a small peak occurs at the predicted
rare earth oxide composite emitters when heated with a wavlength of the rare earth oxide but blackbody radiation
combustion flame. Note that for holmia, the peak to penetrates the fibrous mantle structure lowering the peak to
background ratio is 6:1 and the bandwidth at half maximum background ratio.
is 400 nanometers. Also noteworthy is the fact that all of the
composite emitters have line emissions corresponding to the One significant problem encountered during testing
values listed in Table 1 with significant peak to background was determining the temperature accurately at the high
ratios. A wide bandwidth may be good for thermo- temperatures required for line emission. Because the
photovoltaic applications from the perspective of cell output composite emitters are of a fibrous nature, good surface
power design. Under certain circumstances, it may be contact with the oxide fibers and a thermocouple junction is
desirable to broaden the emission profile or to have radiation virtually impossible. Another possibility for temperature
at two distinct wavelengths. The technique described above measurement is the use of an optical pyrometer. With this
is readily adaptable to producing "two line" emitters. Figure type of temperature measurement, the emittance of the
6 is the output spectrum of an erbia/holmia composite observed sample must be known. Unfortunately, the very
emitter. nature of the rare earth oxides yields a material with an

In an attempt to construct an experimental emittance that varies with wavelength and more importantly
arrangement which would allow accurate characterization of temperature. Therefore, it is impossible to accurately
efficiency, an electricaily heated unit was constructed. The determine the sample temperature by simply observing the
silicon carbide heating element u is powered by the composite emitter with an optical pyrometer. The sample
laboratory main through a variac power controller. In this temperature in general was greater than 1200 K for the data
manner, the heating element should be capable of achieving displayed in Figures 3-7. At present, other methods for
temperatures of 1500 K. Our first experiments with this accurately determining the surface temperature of the
assembly have resulted in the expected line emission but composite emitters are being explored such as using a high
superimposed upon the line emission is a blackbody like temperature paint, whose emissivity can be measured, to
spectrum which manages to penetrate the mantle and is place a small dot on the emitter surface.
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Figure 3: Erbia composite emitter heated with a combustion Figure 5: Neodymia composite emitter heated with a

flame. combustion flame.
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HYBRID THERMOPHOTOVOLTAIC POWER SOURCES

G.Guazzoni and B.Pizzo
Electronics & Power Sources Directorate

Army Research Laboratory, Ft. Monmouth, N.J.

Abstract

The specal matching of the radiation from an Ytterbium Oxide The SOPS kit also contains DC-DC adapter, universal power cables and
emitter with the absorption characteristics of the photovoltaic Si cell connection plugs. Al! components of the kit are throw away items with the
allows the design of high efficiency/high power density exception of the MOG which is the heaviest and most expensive
ihernophotovoltaic generators. The use of the Si cell allows the component. It has to be carried back from the field and if damaged must
developmeit of hybrid thermophotovoltaic power sources operating with be exchanged for a fully functional unit.
solar radiation and with thermal energy from a hydrocarbon fuel A possible hybrid use of the SOF solar panels is their operation in
combustion. A hybnd thennophotovoltaic system can therefore provide connection with an artificial source of light when sun radiation is not
output power in the presence of sunlight and at night or in adverse available. This source of light can be provided by a propane, butane or
environmental conditions. natural gas burner (tip of a gas lantern) equipped with an emitting mantle

spectrally tuned to the Si cell characteristics, for example, a ruggedized
Introductio Welsbach mantle doped with a selective emitting raw earth oxide with

strong radiating bands in the Si cell spectral absorption region. The acal
The experimental results and design analysis reported in this paper solar panel assemblies used by the SOF can be redesigned, still

represent an approach to provide military, tactical power sources that can maintaining the same kind and number of cells, into a multi-pand
be operated by either solar radiation and thermal energy emitted by a configuration capable of completely encircle and cover the artificial
hydrocarbon fuel operated burner. Advances in the themnophotovoltaic source of light for maximum light collection and to avoid visible detection.
(TPV) energy conversion technology, which have been realized through A schematic representation of this concept is illustrated in Figures 1, 2
research and development work in the past few years, have been utilized in and 3. Figure 1 is the schematic of a six-panel array of state-of-the-ar
this study.

Hybrid TPV generators in the 10-30 watt output power range can
support Special Operations Forces critical missions providing day and 3

night source of power to recharge essential communication equipments :_ __-

batteries. Larger power range (100-3000 watt output) hybrid TPV units 2.5 or:L_1__ Ei Z_ I • nzz -
can provide silent, reliable, efficient source of electric power for Army f-- -- 1 L- Z [---] FIZ) [ 1_
shelters and other applications. F] E] [7

Discussion [2]rz ~ hi 11] ~

A TPV generator consists of a light source (burner or other heat I FT--=• :zzz-- [ L__I [LIF _ F r-- -_
source heating a mantle-emitter) and an array of photovoltaic (PV) cells 2[ =k '[121].,IZ---- ,_ 12 '
that directly convert part of the radiation from the emitter into electric 7- -m
power. A hybrid TPV system also consists of a unit that controllably can
burn hydrocarbon fuel heating a ceramic mantle with selective spectral
emission chosen to optimize the match with the spectral response Figure 1. Six-panel array ( 60 series
characteristic of a Si cell array. However, the Si cell array can be connected Silicon cells ).
disassembled from the rest of the unit and used directly in conjunction
with the sun. If high intensity Si cells are used, a foldable concentrator
will be deployed to collect larger amounts of solar radiation. A hybrid 1 30 cm
TPV power source can therefore operate and provide electric power
output both, in the presence of solar radiation and at night or in adverse
environmental conditions.

Hybrid Temoohotovoltaic Unit for the SIca Ope ons Forces;

The Special Operations Power Sources (SOPS) are deployed by
tactical elements of the Special Operations Forces (SOF) into denied or
targeted areas to provide a long term means of recharging outstation C-E
equipment batteries. The preferred source of power is a passive system,
(two solar panel assemblies) which can recharge the batteries and produce
power output without the presence of a full time operator. Each solar
panel assembly consist of two rectangular (23 cm x 33 cm) cell panels
containing 39 multicrystal Si cells for a total cell area of approximately
2400 cm2 . The Si Cell efficiency is approximately 13.5 % and under one
full sunlight conditions at 1.5 air mass, the two solar panel assemblies
produce approximately 30 watts at a nominal 16 volts. During periods
when the solar panels are not effective (darkness, reduced visibility or Figure 2. Hexagonal enclosure formed with
adverse environmental conditions) an active system, consisting of a Man- the six-panel array.
Operated Generator (MOG) provides means to generate electric power.
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multicrystal Si cells with a conversion efficiency of 13.5 % which was The tests conducted on the demonstration unit, Figure 4. produced a total
utilized in the experimental demonstration of the feasibility of this electric output of 1.7 watts, corresponding to a system overall efficiency
approach. The six-panel array is comprised of 60 series connected cells. (electric output divided by the heat of content of the fuel used) less than
Figure 2 is a representation of the six-panel hexagonal enclosure that can 1%.
be formed by assembling the panels around the burner-mantle. The
enclosure is closed on the top with an hexagonal cover provided with
louvers to exhaust heat and combustion gases. The inside surface of the
cover is aluminum coated to reflect light back to the cells, Figure 3 is a
cross sectional view of the enclosure-burner assembly,

.a) Demonstration unit with upright mantle
suspended above the burner

453 g (1 lb)

PROPANE TANK

Figure 3. Cross sectional view of the
panels-burner enclosure.

Preliminary tests to dem .staehe feasibility of this approach
were conducted vsing commercially procured lantern burners and gas
mantles. Operating the burner with propane fuel at a fuel rate of 50.5
grams per hour the combustion on the mantle generates approximately
645 thermal watts (2,200 BTU/hour). To express the effect of a light
source over a surface enclosing it, a term is necessary which is constant
when summed over a spherical shell enclosing the source but which can
vary as individual zones of the shell sidered. Luminous flux
measured in lumens performs this fur. .ic literature datal on
commercial gas light mantles perfor idicate that a mantle
combustion generating 2,200 BTU/hour pr, ,.x-s between 138 and 271
lumens (dependinF on the mantle orientation and the ratio of fuel to air)
over a complete spherical shell. Because two lumens correspond to one
watt of radiating energy., the mantle utilized in these preliminary tests
emitted, in the I st operating conditions, no more than 135 watts of
radiation. This translates in a mantle radiating efficiency of 21% (e.g.
2 1% of die energ- generated by the fuel combustion is converted into light

which can be considered in accordance with literature data on
commercial burner-mantle units that, without heat regeneration sections, b) Demonstration unit with inverted mantle
are characterized by emission efficiencies between 10 and 20%. suspended below burner port

Approximatoly ninety-seven (97) watts (72% of the energy radiated
by the mantle) fall on the 6-panel hexagonal structure, with the remaining
28% equally distributed over the top and bottom openings of the Figure 4. Six-panel demonstration unit.
enclosure. The radiation failing on the opening at the bottom of the unit
(19 watts) is completely lost. The radiation hitting the top cover, is
partially reflected and it is estimated that approximately 8 watts reach the Two major reasons for the poor performance of this first proof-of-
cell panels. The sixty (60) series connected Si cells account for 1500 cm2  principle demonstration were immediately identified, a) cells uneven
of the panel surface ( 66% of the total panels area). Therefore the cells illumination and, b) spectral mismatch between the emission
receive a maximum of 72 watts of radiation (64 watts directly from the characteristics of the mantle and the absorption characteristic of the Si
mantle and 8 watts reflected back by the enclosure cover), cell. As shown in Figure i. evern panel contained 10 series connected

The average intensity of the cell illumination is approximately 48 cells. The mantles used. 2-3 cm long, were positioned at the middle point
mw/em2 , less than half a full sunlight illumination. If all the radiation of the 29 cm long panels. Therefore, the illumination of the cells resulted
were impinging normally on the cell surface and were unifomrly quite disuniform. Measurements conducted with a calibrated solar flux
distributed over the entire active cell area, the cell array, with a conversion meter indicated that the two cells at the middle of each panel, directly
efficiency of 13.5%, could generate an electric output of up to 9.7 watts. facing the mantle at a minimum distance of 12 cm. were illuminated with
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light intensity of go-90 mw/cm 2 while the cells located in the top and larger power output (from hundreds of watts to few kilowatts). In
bottom rows of the panels were illuminated at intensities of only 20-25 addition, recent advances have been made in the developmet of high
rnwlcm 2 . These peripheral cells generate substantially fewer free carriers intensity Si cells which have been fabncat•d with convesnion efficimcies
than the other cells and because they are all series connected, they limit rangin between 20 and 33% at concentrations levels in the 20-200 suns.
the output of the entire panel to the level of current that they can sustain. The overlapping of Si cell response and Ytterbium Oxide nutter output is
If longer mantles can not be fabricated and utilized, the next shown in Figure 5.6 The combined result of both, spectrally improved
demonstration prototype will be designed with shorter cell panels, 10 - 12 selective emitters with high emission flux density and high intensity Si
cm long, each consisting of two Si cells vertically oriented and bridging cells provides the possibility for the development of high power
the entire panel length. In this way every cell will be equally illuminated, density/high conversion efficiency TPV generators. The use of Si cells
The mantles utilized in these tests were procured from 3 different also allows the design of a hybrid TPV unit capable of working with both
manufacturers of gas lanterns. They were commercial gas mantles whose hydrocarbon combustion and sunlight. Figure 6 is a conceptual
chemical composition is optimized to provide high intensity emission lines representation of a 90 watt electrical output portable TPV power source
in the human-eve visible part of the spectrum (400-700 rn). These comprising a 100 cm2 flat design, Ytterbium Oxide fiber mantle and a PV
emission lines correspond to wavelengths shorter than the wavelength panel with 100 cm2 of high intensity Si cell active area. When operated
range where the Si cell has the pick of its absorption curve (900-1050 with combustion from hydrocarbon fuel and using realistic output and
nm) resulting in reduced output from the cell. view factors, 3 watt/cm2 of the radiating energy from the Ytterbium

Rare earth oxides have been proven to be chemically stable up to Oxide mantle are available in the spectral range usable by the Si cell.
temperatures close to their melting point (above 20000 C) and to maintain With a cell conversion efficiency around 33%, the cell array will provide
their spectral emission characteristics for an indefinite tune, even in highly I watt of electrical output for every square centimeter of active cell area.
oxidizing atmosphere. 2  A strong radiation band at relatively shorter The only ancillary power requirement (-10 watts) is for the operation of a
wavelengths (850-1150 nm) from an Ytterbium Oxide mantle heated at small fan to provide forced air cooling of the Si cells which work at
temperatures in the 1300 - 1700*C range, was found to be an optimal approximately 30 times full sun radiating intensity. The fan is directly
match for the Si cell absorption characteristics providing a high powered by the cell panel output with no need for a starting battery. Using
efficiency conversion of the mantle radiation into electric power.3,4 Even state-of-the-art components the weight of the unit (without fuel) is less
if a commercial, low cost mantle design must be utilized for this SOF than 3 kg. with a power density of approximately 30 watt/kg.
application, the mantle composition must be reformulated to include
Ytterbium Oxide. During the last few years emitters have been
constructed of fine (5-10 ,m) rare-earth oxide fibers similar in design to 16 CM
the Welsbach mantles used in gas lanterns. 5 Some of these mantles made
of 100% ytterbia. have demonstrated substantial improvement in BURK X

mechanical properties and spectral match with the Si cell characteristics
(5 fold higher electric output from the cell as compared with commercial EMITTER
gas mantles operated at the same temperature and fuel consumption rate.)

Tactical, Portable Hybrid TPV Generators

New ceramic mantle processing techniques, applicable to several " L

refractory oxides, have resulted in effective selective emitter mantle St C
compositions with significant improved mechanical and thermal shock
resistant characteristics. Several rare earth oxides (Erbium Oxide, CELL .. ..
Niodimium Oxide, Ytterbium Oxide, etc.) have been formed in innovative
mantle designs with increased selective thermal emission capability COOING FAN

characterized by strong energy bands in the wavelength range between
800 and 2500 rn

Planar sources of selective emission, called supported continuous
fiber emitters, were recently developed with over 10 watts/cm 2 surface 4539 (1 1b)
radiating intensity. These flat mantle structures, alternative to the
traditional close end cylinder configuration, provide an effective
innovative design for the mantle of portable TPV Power Sources with

Figure 6. Conceptual representation of a
90-watt Hybrid Thermophotovoltaic

°' Tactical Power Source

Recent developments in spectrally selective holographic
concentrators indicate the possible use of holography as spectral splitting
for PV and TPV energy conversion. 7 A single element hologram, between
emitter and cell array, can defract away from the cells and out of the

no ,.. . . .. .. .. .. ... .. system the unwanted infrared radiation. This will reduce cell cooling

Wavelength C nm ) requirement and provide an effective, simplified design approach for
waste heat recovery. The overall efficiency of the 90 watt TPV unit (net

Figure 5. Spectral exitance of Ytterbium Oxide (A) electrical output divide by the heat of content of the fuel) is strongly
and spectral response of high intensity dependent on the burner efficiency. Without any preheating ofthe air-fiiel
advanced Si cell (B). mixture, 453 grams (I Ib) of fuel operate the 90 watt power source for
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approximately I 1/2 hours with a unit efficieny of 22% With an foldable aluminum foil sections can be engineered to form ntmeal pan of
effective heat recuperation sectin. bumer efficiencies in the 40-50% the TPV unit dsou however at is an ineficient conntrator struct•w e
range are achievable resulting in a system efficiency in the 6-7% range. and involves a compromise with its optical and thermal properties. In
In Figure 7 the cells-cooling fan section of the unit is disassembled from military applications the cell-concentrator assembly may be required to be
the burner system and equipped with a simple design (truncated pyramid) fixed on the ground and a too narrow acceptance angle may call for
concentrator for operation on sunlight. Concentration of solar radiation continuous, periodic reonentation of the unit to collimate with the sun.
becomes necessary when higher intensities are desired than can be Among concentators which approach the thermod•namc limit of
obtained with a flat collector alone or when the cost of the receiver per concentration are the "compound parabolic concentrators" (CPC).8 They
unit area (e g. high intensit cells) is higher than the cost of a concentrator conusit of parabolic reflectors which funnel the rdiatio ftom aparture to
per unit aperture area. Closely related to sunlight concentration is the absorber (Figure 8). The night and lefi half of the CPC illustrated in
"acceptance angle". i e the angular range over which all rays are accepted Figure 8 or for a 3 dimcnsions CPC, the opposite sections (branches) of
without moving all or part of the collector. Tlhcrodanucs defincs the the concentrator belong to different parabolas as expressed by the name
maximum possible concentration for a given collector acceptance angle. CPC. The axis of the right branch, for instance, makes an angle 0 with the
The simple concentrator design depicted in Figure 7 which can be made of axis of the collector, and its focus is at A At the end point C. the slope is

parallel to the collector's axis The CPC have a unique angular acceptance
characteristic: all rays incident on the aperture within the acceptance angle
will reach the absorber while the others will bounce back and forth
between the reflector sides and eventually re-emerge through the aperture.
Equipping the TPV power source with a CPC designed for a specific
acceptance angle will provide longer (few hours) unattended, operation of

FOLDABLE / the cell panel before need for unit reorientation.
CONCENTRATrOR

/ .s. - -,Conclusion

'Tbe utilization of the Si cell as PV converter in the design of a
- "therm hotovoltai¢ generator allows the hybrid use of the unit with both.

, "sunlight and radiation from a hydrocarbon fuel combustion- The use of
"high intensity radiators with strong emission bands m the Si cell spectral
absorption region is a key factor for the development of lightweight, high
power density, hybrid thermophotovoltaic power sources Holography

, . t• f,. 'k _ - can provide an innovative approach for the removal (scattenng) and the
management (focusing on specific areas) of the unusable infrared
radiation, resulting in a highly effective waste heat recovery (preheating of
the air-fuel mixture) with substantial increase of the generator overall
efficiency.

Figure 7. Si cells-concentrator assembly
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ALPHA IRRADIATIONS OF InP SOLAR CELLS: IMPLICATIONS
FOR RADIONUCLIDE BATFERIES

Charles C. Blatchley, Edward A. Burke, Claudia W. Colerico, Pascale M. Gouler, Harvey B. Serreze
Spire Corporation, Bedford, MA

Introduction

In this study, the first reported alpha particle bombardments of Because the most relevant radiation damage studies have been
InP were completed, and the Non-Ionizing Energy Loss (NIEL) for solar cells used in space, a convenient standard for comparing
formalism expressing radiation dose as an equivalent fluence of radiation doses is the damage produced by I MeV electrons. At
I MeV electrons was precisely verified for InP. With this other energies, electrons produce the non-ionizing energy loss shown
approach any ionizing exposure, at any incident energy, can be in Figure 1. This permits an estimate of damage produced by beta
converted to a common condition for comparisons. Consequently, rays from a particular nuclide relative to 1 MeV electrons.
simple alpha particle exposures can be generalized. Their high 10 .... . ... .

equivalent doses are ideal for testing solar cells or other .--- . ....... ......
6 .. .....semiconductor devices that must work reliably in a radiation 4-..4 ........

environment. In addition, carrier removal was found to cause two fr Albm.

previously undetected effects, a plateau above the simple diffusion- 1 2 ---. - ... ................

length predicted curve due to an expanded depletion region, 21!
.10 1 ---- - ----- . ....followed by a sharp drop in performance as additional carrier loss --O--- ------..

chokes off power conversion altogether. Both effects have 4,. -----..... .. . .. .
significant implications for radio-voltaic batteries.

revbous attempts to employ radioisotopes to power silicon
voltaic cells were limited to beta emitters with relatively short half I ! .......

6 ...... .......-- -- .............. . ..... .- ----- ----
lives and low energies to avoid radiation damage. This limited 4 - .......
both power and effective lifetime. Compared with more common
semiconductors (silicon and gallium arsenide), InP exhibits a ....... .......

marked resistance to radiation damage, opening the possibility of
an alpha-emitter battery. In addition, indiumn phosphide anneals at 8 .----- n.eals.at. * ....'

relatively low temperatures, in many instances at room temperature. 4 -..

Initial tests of alpha irradiated InP photocells using visible light 2 -- t - .. - -------
(AM0 solar spectrum) agreed well with NIEL predictions model. 2 I .i - ...

However, degradation in alpha excited cells was higher than 2 4 6 4 2 4 6 8 2 4 6 8
calculated for AMO. Low temperature annealing is insufficient to 100 101 102 103

overcome this discrepancy. We conclude that even with the best PARTICLE ENERGY (MO)V
material characteristics reported in the literature, long-lived alpha
particle powered cells could be made but not as compactly as Figure 1 NIEL in InP for electron and proton bombardment as
historical beta cells using silicon. a function of incident energy.

Computational Modeling The dominant adverse effect of radiation on semiconductor
performance is a reduction in diffusion length L, given by

Two computer models were essential to interpretation of these
measurements. First, the TRIM Monte Carlo code' calculates 1 -l 1
charge carrier generation and displacement production along an ion L- 2 L2(
track in solids. The second is the PC-ID device model,2 a one
dimensional, finite element approach to semiconductor transport
equations, for predicting device performance as a function of where L. is the diffusion length prior to irradiation, 4) is the
material parameters, e.g., minority carrier lifetime, radiation fluence and K, is the damage coefficient. A series of

diffusion lengths are calculated over the range of fluence values of
Radiation induced displacement damage has been studied in interest and these are entered into the PC-ID device modeling code

InP with electrons, protons, and cobalt-60 gamma radiation" but to determine their effect on key quantities such as voltage and
not previously with alpha particles. Fortunately, the NIEL method current at maximum power. Other parameters are based on growth
permits available displacement damage information to be conditions or measurements made during fabrication.
generalized. Once the damage distribution is calculated, it can be
correlated with previous data from other radiation types to Measurements under AMO of open circuit voltage, short circuit
determine changes in carrier diffusion length and dark current. current, and efficiency were first modeled with PC-1D by adjusting
These in turn permit the prediction of cell parameters, such as short initial diffusion lengths and dopant concentrations until an optimal
circuit current, open circuit voltage, fill factor, and maximum fit to BOL (beginning of life) performance was obtained. Keeping
power point. the doping constant, the diffusion length could then be changed as

a function of dose to generate curves for all three outputs. If all
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parameters were kept consant except the damage coeficient, tis Typical relative efficiency, J.. and V. under AMO illumination
effectively allowed a bet fit determination of the damage constant for Am-241 iradiated cells ae shown in Flgures 3 through 5.
from AM) readings as a function of dose. Readings from n/p cells are shown as solid squares represeating

average measurements from five different cells at each fluence level.
In & planar battery design, the damage rate is proportional to Data points at the highest flueuce levels ae single cell readings.

the amount of alpha emitting radioisotope per cm2 of voltaic cell. because of the long irradiation times needed to achmive these levels.
TRIM calculates displacement damage along an alpha particle track
as shown in Figure 2. When corrected for souce geomety, this 94813
determines the displacement-damage energy profile in the 10
semiconductor.

0.8

0.035 0.6-

0.03 ad

0.4-
0.025

0.02 ... 0.2 - N/P PC-ID Calculafion

1 a Experimental Data N/P U

0 .01 Analytic Modell00 ....0.0 .. .... .

TRIM 1013 101 1015 1016 10)7 10180.o0 1 MV EQUIVALENT ELECTRON FLUENCE (*-m 2)
3 0.005

0 20 40 e0 ao 10 120 140 eo 10 200 220 240 • gre3 AM0 efficiency for nip type IJP sokar cells as a0 20 40 0 80 1 10 0 08 02 function of 1 MeV equivalent electron luence
compared to a PC-ID. Starting AMO efficiency 16.7%

Figure 2 Vacancies created along the track ofa SJ MeV alpha
particle mlAP calculated by the TRIM code. 1.0 .. . .

Experiments
0.8

Samples studied were shallow homojunction n/p InP cells U

grown by metalorganic chemical vapor deposition. Cell design was -0ad 0.6-
identical to the high conversion efficiency solar cells developed at 2_
Spire and widely reported in the literature. It includes a highly I
doped back surface field p-InP buffer, a 35 pm low-doped p-InP .• 0.4
base and a thin highly- doped n÷-InP emitter. The cell front *
contact grid and 25 mm' active area were defined usin standard 0.2 NIP PC- I Calculation a
photolithography techniques. Cells were individually diced for Expenmentol Data N/P a
evaluation and radiation testing.

0.0.......... l........l........ I....,fll I t i

Alpha bombardments were completed in air and vacuum, 10 1014 1015 1016 1017 la

depending on the size of the cells and test requirements, using I NIV EQUIVALENT ELECTRON FLUENCE (erIcn 2 )
three 1 mCi Am-241 sources. Two of the sources had thin
windows for in-air irradiation, and one had mesh reinforcing for Figure 4 Normalized AMO J. for the same cells shown in
vacuum. Evaluation of cell performance relied mostly on standard Figure 3. Starting value = 32. mA/cm2 .
solar cell characterization techniques (AMO, dark/illuminated I-V
curves, and quantum efficiency), but several were monitored during The solid line is the PC-ID calculation for an n/p cell based on
alpha illumination. damage coefficients that were consistent for both previous Si-doped

cells and these Se-doped n/p cells. Based on Yamaguchi's measured
A dry nitrogen chamber at room temperature protected cells damage coefficients, p/n material should be more radiation resistant

in storage, since some degradation was possible with exposure to (lower damage coefficient) than the n/p material. However,. then
humidity. Irradiations to I MeV equivalent electron fluences above indicate the contrary.
10 agree strongly with the NIEL/PC-ID predictions based on
previous (1989) electron irradiations of Spire MOCVD n/p cells At high particle fluences, short circuit current, for both AMO
made with silicon doping, although levels of damage observed were and alpha illumination departed markedly from the monotonic
well beyond previous reports. This excellent agreement between decrease observed with less than 101" cm2 . This enhancement
alpha and electron irradiation data strongly vindicated the NIEL typically started at about 6 x 10" cm2 and persisted until about
damage correlations. 4 x 10i' cm-2. where the short circuit current began a precipitous
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94815 concentration, was not at first modeled by PC-1D which only
1.0 included the change in diffusion length. The effective reduction in

dopant concentration eventually overwhelms the enhancement of the

0.8 depletion region by creating a large series resistance, exactly the
effect observed near end of cell life. Carrier removal thus explains

8 * both the plateau in efficiency near the 50% point and the final drop
0.6- at end-of-life.

04- In spite of the tentative conclusion that InP alpha cells are not
. practicaL alpha particle bombardments damaged cells well beyond

levels previously tested, and verified the Non-Ionizing Energy Loss
0.2 N/P PC-I D Colculaon (NIEL) formalism. Behavior of n/p InP photocells at extremely low

Expe•nenbl Data N/P power levels was found to be substantially different fron that under

0.0 ........ 1 ............ .. AMO illumination, where p/n generally performs better. Under very
I013 1014 liS0 1016 1017 lOS low illumination, or alpha stimulation, n/p cells are better.

I NlV EQUIVALENT ELECTRoN FLUENCE (*r/c 1 References
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U.S. DEPARTMENT OF ENERGY ELECTROCHEMICAL BATTERY PRODUCInON
DUAL USE CONCEPTS

Clifford G. Wagner, Principel Eagineer
Martin Marietta Specialty Components, Inc.,

Largo, Florida

Introduction Thermal atRU Leak Detection

The Department of Energy (DOE) has initiated a program It has been a nuclear weapons design requirement through
designed to convert its defense production plants from nuclear the years to produce thermal batteries for applications specifying
weapons production to commercial/Department of Defense (DoD) shelf lives of a minimum of 25 years [14. Many aspects of battery
utilization, wherever practical, in order to make the plant's high design concerning individual component design must be
technology capabilities available to the American manufacturing controlled to ensure material compatibility and stability over the
community, and to mi,,'mize the economic impact of ending the requisite time span. Igniters must also be specifically designed to
plant's DOE-defense mission. stand up to the internal atmosphere of the stored battery. While this

The Pinellas Plant, located near St. Petersburg, Florida, paper targets the leak aspect of battery life assurance, we do not

managed and operated by Martin Marietta Specialty Components, mean to denigrate the component stability and compatibility

Inc., (Specialty Components) is planning to participate in a dual aspects.

use program; to fulfill the DOE mission, while at the same time Given adequate long life component design in typical
making its resources available to community partnerships for local thermal batteries, performance deterioration from aging has been
business development, attributed mainly to water vapor; and, secondarily, to oxygen 11,2.31.

This paper is limited to an introduction to the dual u Both contaminants degrade the lithium by reacting with it, thereby

concept and technical information relevant to three areas, thermal removing it from its normal electrochemical accessibility.

batteries, lithium ambient battery packs and double-layer capacitor Moisture exposure is minimized during battery
packs. construction by working in dry rooms, or otherwise controlling

accessibility of water to the battery components.
Dual Use Concents Lithium/lithium-alloy handling is also controlled to minimize

oxygen exposure. The battery is sealed, usually by welding, to
Several programs have been initiated to assist American produce a hermetically sealed assembly, i.e., one that essentially is

industry involvement in this process. The Pinellas Plant can be impervious to the exchange of water vapor or oxygen between the
accessed through the following mechanisms: battery and the environment. Small leaks in finished batteries

1. Private Use allow more oxygen than moisture to enter the battery. Batteries

2. Cooperative Research and Development made this way have shown no practical deterioration in

Agreements (CRADA), through a National performance after storage times of up to 25 years, or after
Laboratory accelerated aging.

3. Cooperative Agreements In leak detection work, absolute zero leak rates are not
The DOE has granted Specialty Components permission measonably demonstratable. Testing, therefore, is designed to show

for private use of the Pinellas Plant, in addition to current DOE that any leaks present are below a specified leak rate. A gas other
mission work. This private use involves leasing facility space and than those which normally affect the product's life is used to seek
equipment by Martin Marietta or its subsequent contractor(s) for out the leak. Assumptions and correlations must be made to use
commercial endeavors at the plant. One may either seek services leak check data to predict the systems actual life expectancy.
or products from Specialty Components, or seek alliances or The Pinellas Plant has used two techniques for leak
partnerships with Specialty Components to achieve specific detection: bubble checking and helium leak checking. The bubble
programmatic goals. test is performed by placing the battery in a container, pressurizing

CRADAs can be structured to conjoin the efforts of a the container with the tracer gas, removing the battery and
National Laboratory, the Pinellas Plant and the work initiator to submerging it in a liquid, and watching for any bubble streams,
accomplish the desired goal. indicating a leak. The helium leak check is a bomb type check

which starts by placing the battery in a container, pressurizing the
Cooperative Agreements can be established between the container with the tracer gas, removing the battery; but then the

DOE and a participant, who will perform work at the Pinellas battery is place in a chamber attached to a mass spectrometer to
Plant. measure the helium concentration (in the chamber) which is the

One area in which Specialty Components is actively result of helium leakage from a defective battery.

pursuing dual use is thermal battery production. This paper updates A leak is almost always a dynamic defect. Because the leak
some of the technologies and processes in use at the Pinellas Plant. is allowing gas exchange all the time, it is necessary to calculate the
The Pinellas Plant has produced thermal batteries since 1974, actual leak rate from the leak test data. The concentration of tracer
when it was assigned thermal battery procurement responsibility gas inside the battery varies with leak size, internal free volume,
for the weapons program under the design guidance of the Sandia bombing pressure, bombing time and elapsed time between
National Laboratories (SNL) in Albuquerque. The plant has also bombing and testing. The actual leak rate is defined as the reading
served as a backup and limited production facility with 8000 that would be given by the leak detector if the battery contained
square feet of dry room space. 100% helium at normal atmospheric pressure in its free space [4]-
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Factors complicating interpretation of data include a lack va.mg
of a precise physical descriptions of each battery, definition of all --

significant transport rates, definition of all significant degradation
reaction rates, and a knowledge of the history of all variations in 1-t
the temperature, gas pressure, and gas concentrations during all
stages of the battery's pretest and testing activities [t1. An example
of a particular thermal battery complication is tracer gas -'
permeation and slow release inside the battery by materials such-- - - I -

as a header encapsulant. Since this data has never (to the author's
knowledge) been assembled leak rate interpretation has been M ,IA P a

approached through various simplifying assumptions by different
investigators. - - - - -

Calculations indicate that bubble leak testing cannot be
relied upon to reveal all leaks which would deteriorate batteries a

held in storage for 25 years [1 .Helium bomb leak testing, however,
can give this level of protection. s m am am - e m m i m ue -

"t'DC ON UEIT M•liond)

Leak test theory based on simple container and leak
designs indicate that gross leaks can be missed by helium bomb Figure 1. Muffle Collector Effects, batteries with and without
leak testing. However, tests at the Pinellas Plant have shown that collectors, TTV Testers - 82 Cal/Cell Heat
the release of thte helium from inside the battery with a gross leak
is sufficiently affected by the materials of construction of the
battery so that the gross leaker shows up reliably during the testing.- -- --- -- --- --- -- --

Five-Cell And Siole-Cell Testing

Five-cell testing is a method of discharge testing, initially
performed by the SNL in Albuquerque, that employs a reusable 1.
test container sized to hold five cells of a given diameter. The 1.0
reusable test container allows for simplified assembly of the 1.0
igniter, header, leads and case without welding or soldering. A- -

greater or lesser number of cells can be assembled simply by a -,-

changing the length of the reusable container's case wall. .6 -..-- t-- " - -

The assemblies are usually tested on a special- ....- j.,. - -
time-temperature-voltage (TTV) tester which imposes a back- ,. -,- -

ground load and a package of pulse loads. The loads may be fixed
resistance or constant current. The pulse load's magnitude, WtL -

duration and duty cycle is preset before testing. Temperatures in

the cell stack are also measured. The tester collects voltage output Figure 2. Muffle Collector Effects, Ohmic and Total
information every millisecond during rise time and during pulses. Polarization, with and without collectors

The testing is particularly useful in studying the effects of Experience with this tester shows it to complement theheat balance, insulation design or pellet modifications upon Eprec ihti etrsosi ocmlmn h
electrical performance, especially during pulsing. Figure 1 shows single-cell and full-up battery tests. Because the test is sensitive tooverall performance comparison of five cell tests with one test thermal management problems, temperatures are taken. This testeroverallp rmule coltrison p vesen l thess othe hing nt is useful in design work for pellet design changes including:having collectors presente ad tie othe havingance chemistry differences, stack loading, end insulation and initial heat
collectors present. Figure 2 shows comparative pulse performance baacstde.I'chfueisordceheotascaedwh
polarization data. These batteries had the same heat balance factor balance studies. It's chief use is to reduce the cost associated withof 82 calories per gram of unit cell. As can be seen the muffle pursuing these questions. It is also useful for routine material

of 8 caoris pe grm o unt cel. s cn b see th mufle control work where electrical performance of different batches of
collectors prolonged the active life and pulse carrying capability cotrol wr were ctrere
of the battery significantly. The muffle collectors also seemed to
produce a more controlled and faster rise time (50 ohm load). The Single-cell testing, using heated platens instead of heat
background load was ten ohms fixed resistance and the pulse load pellets, is useful for more basic studies of cell performance,
was one ohm fixed resistance. The ohmic resistance, as tndicated because of the ability to control temperatures over a predetermined
by the instant drop voltage value, was similar early in the battery's range of values. The testing at the Pinellas Plant is being modified
life but appear to have been higher in the presence of the muffle to use a controlled atmosphere fixture in place of a glove box.
collectors later in the active life. More testing is needed to confirm
this observation. Internal temperatures were higher in the muffle Spi Batten Desin
collector battery in spite of the same heat balance factor. The
muffle collector effectively controls the movement of heat and is High spin rate (18,000 rpm) battery development utilizes
useful for longer life designs using lower heat balance factor minimal cell diameters to minimize the centrifugal forces on the
values. molten electrolyte. This is counter balanced by current density
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limitations. The power leads are isolated from the stack as much application of glass tape to battery stacks if static electrical
as poss;ible to prevent cells from shorting to the leads, which might potential is sufficient to precipitate an electrical arc. Personal
occur if electrolyte leaked through th: insulation ard touched the grounding is required during pellet stacking. Pressure
leads. Moderately insulating materials only seems usable at the compensating stack presses are not utilized for wrapping of
higher spin rates because of the tendency of the highly insulating, Li(Si)/FeS2 batteries because if burning is accidentally started the
high void volume materials to pulverize during spinning. Normal press acts to squeeze separator out of the stack increasing anode to
MI!O binder levels in the LiCI/KCI separator (40%) yield adequate cathode contactability.
molten electrolyte immobilization. Lateral insulation needs to be
tightly bound to the stack, if radially ignited, to insure adequate
heat strip contact with the pellet stack. Results on the techniques of size reduction and purification

of iron disulfide have been reported previously and only a
HeaderlCase Weldini, summary and brief update on this process will be reported here [51.

The iron disulfide is ground and sized and then purified by acidic
Microplasma and pulsed gas tungsten arc (GTA) welding washings. The iron disulfide is leached with concentrated

have been helpful in minimizing thermal stressing of the headers hydrogen fluoride (HF) acid to remove quartz (SiO2 ) impurities
during closure welding of the battery case. These thermal stresses and siliceous gangue that act to reduce the effective capacity of the
can lead to glass ,racking and failure at the terminals. Both welding FeS2. These materials are generally held below 2% by weight 16].
processes have the capability of producing a "soft" start that Concentrated hydrochloric acid (HCI) is used to remove
reduces disp'tcement of molten metal at arc initiation, which is acid-soluble Fe impurities and any other electroactive impurities
important in the welding of thin metals. The processes allow tor the that affect the voltage output of the battery.
addition of small amounts of hydrogen to the shielding gas flow to The use of concentrated HF requires elaborate precautions
produce a localized reducing atmosphere that increases the arc because of the health and safety hazards it presents to personnel
energy, raises the fluidity of the molten metal and aids the shielding handling it. Solutions of HF generate corrosive fumes and must be
gas in preventing oxidation. The tungsten electrode is recessed in used in a strictly controlled environment with adequate ventilation.
the microplasma welding head, which assures the electrode cannot Concentrated HF can cause severe burs and ulcerations upon
contact the weld, thus eliminating a source of contamination. The contact with the skin. In addition, there are substantial costs and
smooth surface of the w, Ids produced by these two processes aids problems associated with disposal of waste HF solutions.
in visual weld inspection. A reaction kettle is used for the purification step. The acids

Closed Mold Header Encapsulation are prediluted and handled with double wall piping. Personnel are
not exposed to the acid at any time.

Headers, after attachment of igniter, monitor and internal Dry Powder Blending Without Freon 0
leads, are usually encapsulated using alumina filled epoxy resins.
This may be done in an open mold or a closed mold. The open mold One step in the procedure for tle preparation of small
i.- simpler to make and use, but requires an additional machining batches of the separator mix is mixing MgO into the LiCI/KC!
step for dimension control. Closing the mold and pouring through powder using Freon and a Waring Products Blender. Freon served
a sprue yields acceptab!e as-cast dimensions, and in addition as a good mixing media because it did not contaminate the powders
allows for vacuum de-airing, thereby giving an improved and was easy to evaporate away after mixing, but its use is being
encapsulant integrity, discontinued at the Pinellas Plant because of its

chlorofluorocarbons committee (CFC) classification. The
Heat Powder Handling for Safety powders are now being dry-blended in a Turbula®® mixer for

approximately 30 minutes. The sides of the jar must be scraped
The heat powder used in the Pinellas Plants thermal down by hand several times during mixing to assure a complete

batteries is iron/potassium perchlorate blends varying from mixing. The completed mixture is then fused, crushed and ground,
88%Fe/12%KCIO 4 to 84%Fe/16%KCIO 4. Thes *)wders have sized and stored.
been classified variously from flammable solids tk -plosives 1.3. Aqueous Degreasin, of Metal Parts
The powders are received in small bags in approximately one
gallon containers and are stored in minimum quantities to Work was performed to evaluate the effectiveness of
minimize dangers. Powder handling is limited to dry rooms. several CHC/CFC solvent replacements in removing
Screening of heat powder and transfer to jars for special handling contaminants from 304L stainless steel coupons. Contaminants
is performed in an air curtain bench. Wrist grounding straps are evaluated were various mixtures of fatty acids, mineral oils,
worn when screening the powders. Latex gloves are required when sodium and potassium hydroxides, pine oil, monohydric alcohols,
handling the material in powdered form. Heat powder petroleum hydrocarbons, ethers and silicone grease.
contaminated surfaces are cleaned with a canister type, high Approximately ten cleaner materials were evaluated including
efficiency particulate air (HEPA)-filte;ed vacuum cleaner, except aliphatic hydrocarbons, aliphatic esters, terpenes and mixtures. No
when large amounts of powder are to be cleaned such as from an "universal" cleaner among the selected cleaning agents was found.
accidental spill. Oakite Products, Inc., Aluminum Cleaner NST, a mild alkaline,

Battery stacking stations have been constructed using a aqueous mixture with organic and inorganic, aliphatic and

remotely operated, quick release canister system containing aromatic ingredients, was selected.

Lith-X (Western Litho Plate and Supply Co.) extinguishing @Trademark. E. I. DuPont de Nemours
material which is dropped over and surrounds an ignited battery ®@@lfrademark, Willy A Bachofen Maschinenfabrik Basel
stack to control the burn. Premature ignition may result during the Switzerland
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A water-drop contact angle technique was used as a rapid solvent residues were found by FTIR, Auger, or SEM examination.
method for measuring surface cleanliness. The correlation of Accelerated corrosion testing (ASTM D2247: 100% Humidity at
contact angle measurements to surface cleanliness was 100'F for 7 days) did not generate any corrosion.
investigated using a limited XPS analysis of cleaned coupons. TheXPS data showed that as the contact angle increased, the amount Upon humid exposure a green exudate was observed which
of surface carbon increased with a concomitant decrease in the appears to be Copper Abietate Dehydrate. Upon tinning the wires,

of srfae crbo inreasd wth cocomtantdeceas inthe the tinning rosin creeps a slight distance up the wire/insulationoxygen level. This indicated that the coupons with high contact thtingroncepsasgtdsaceuthwi/iuaio
angles had more contamination than the coupons with low contact interface. Upon subsequent cleaning the capillary motion cantransport dilute rosin further up the wires. The abietic acid reactsangles. with the copper through any cracks in the silver on the wires. The

resulting product is non-corrosive and no harmful effects have
Toluene Diisocyanite (TDI) Reduction in Lithium Ambient been discovered; however it is an aesthetic issue 171.
Batteries and Double Layer Capayitor Packs

The new cleaner was less harmful to the connector than the
TCE had been. Gasket material in the connector experienced aTDI is an ingredient in polyurethane elastomers and resins 220% weight change when stored immersed in TCE but only a

used in the Pinellas Plant in the manufacture of several Lithium 100% change i hen clea isaers to be c of t

Ambient Battery Packs and Double Layer Capacitor Packs. Goals 100% change in the new cleaner. This appears to be leaching of the

were set to eliminate or reduce the amount of TDI, a suspected plasticizer out of the gasket material.

carcinogen, used. Tank Round and Bomb Retrofit Batteries

We use an elastomeric system to glue parts together and
changed from Adiprene® L-100 (10% free TDI) and Cyanacure In support of the dual use program, studies are underway
(amine curing agent) to PET 90 with only 0.05 % free TDI, used aimed at making the Pinellas Plant's equipment and technology
with E 300 amine curing agent. In addition to a reduction in the available for other than DOE dedicated use; that is, in DoD or
TDI, the new system also gave higher butt tensile adhesion commercial applications. In particular the thrust is to transmute the
strengths (227 versus 882 psi) and higher lap shear adhesion very high reliability battery design and manufacturing
strengths (989 versus 677 psi). methodologies into an optimized cost/reliability production

capability. Higher production rate methods are being developed
TDI was also reduced in the polyurethane potting resin by while designing appropriate reliability levels, specific to each

substituting the TDI with polymeric methylene diphenyl application, into the batteries.
diisocyanate (MDI) and reformulating the resin. The two systems
gave similar base line strengths, fill characteristics and adherence Initial optimization thrusts are towards typical system
to metal and plastic parts when confined to rise to similar densities. power and higher voltage control battery designs.
The MDI system had a higher free rise volume and shorter pot life.
The change-over was authorized for certain products. Acknowledfments
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DUAL USE TECHNOLOGY FOR ARMY APPLICATIONS
Edward IL Reiss, Jr., Fee Chan Leung

Army Research Laboratory, Fort Monmouth, NJ

Intouction Dozens of papers at this forum and numerous other
meetings have defined exciting new breakthroughs in electrodes,

Unique electrochemistries and battery configurations electrolytes, systems, materials, processes and applications.
powering portable electronic devices may no longer meet the Creating a win-win combination for these new, electrochemical
changing military priorities for the twenty-first century. The first advances is really our challenge for the near and far terms if we
major priority change occurred several years ago when the Army are truly to benefit. Table I is a partial listing of various
assessed the cost of batteries directly to the military unit electrochemical and related systems favorable as dual use
consuming the batteries rather than to a general support fund. technologies and the near-term likelihood of being fielded by the
Increased, negative feedback caused Program Managers, Army. Shown are conventional non-rechargeable and
developers and logisticians to realize the balance between cost and rechargeable battery technologies as well as alternative power
readiness. Next, the soldiers complaints focused upon source considerations.
performance, availability and cost. The typical comment was
"Why can't we purchase high-quality, cheap batteries from the Table 1
local supermarket?" Recognize that the expected performance
related to lightweight, high energy dense lithium non-rechargeable POTENTIAL DUAL USE TECHNOLOGIES
batteries. A further complication affecting the trade-off between
performance and military objectives is the desire for small, light, Lithium Manganese Dioxide Non-rechargeable High
more powerful, more energetic and safer batteries to give the Lithium Thionyl Chloride Non-rechargeable Medium
soldiers a winning advantage on any battlefield whether in actual Metal Air Non-rechargeable Medium
combat or training. Lithium Sulfuryl Chloride Non-rechargeable Low

Lead Acid, Sealed and Gelled Rechargeable High
Manpower and monetary cutbacks affect us all. In the Nickel Metal Hydride Rechargeable High

military this simply means do more with less. We have a Lithium Ion Rechargeable High
multifaceted approach that addresses our needs; our procurement Metallic Lithium Rechargeable Medium
methods and strategies; and our research and development Metal Air Rechargeable Medium
objectives. Performance attributes of future battlefield Lithium Polymer Rechargeable Low
requirements necessitate careful scrutiny to establish operational State-Of-Charge Alternative High
readiness or military need documents reflecting decisive weapons Power and Energy Management Alternative High
and devices yet attainable within the manpower and fiscal Solar Alternative Medium
constraints. This process coordinates the material and system Thermal Photovoltaic Alternative Low
developers with the combat doctrine developers. New players in
this process are the Battlelabs. The procurement process has
demonstrated "best value" type solicitations along with multiyear Non-rechargeable Technolonies
delivery schedules in order to obtain required batteries in
sufficient quantities at acceptable prices fron, a stable industrial or Of the four non-rechargeable technologies listed, the
commercial base. first three systems currently power one or more military, portable

devices. These systems are by no means fully developed, neither
The remainder of this paper will focus on blending our for performance nor configuration. The fourth is under

research and development objectives with industrial or development for possible use in the Land Warrior or Soldier
commercial interests and to relate dual use technologies to specific System. Our reasons for considering these four are demonstrated
non-rechargeable, rechargeable and alternative power sources as in Figure 1 which shows the relative energy densities of the
well as Army specific applications, alternatives. Lithium Sulfur Dioxide is plotted as representative

of the standard for combat operation of Command, Control,
General Discussion Communication, Computer and Intelligence (C41) equipment.

Clearly, performance is very desirable.
For this paper, dual use technologies are those electronic

or electrochemical processes and products allowing both the Lithium Manganese Dioxide (LMD) and Lithium
military and commercial or industrial users to benefit. A prime Thionyl Chloride (LTC) batteries operate relatively low power
example is the family of alkaline cells. Standardized in size and commercial and military devices. The Mini Eyesafe Laser Infra-
voltage, readily available throughout the woild, and produced by red Observation Set (MELIOS), currently in development,
the millions, these relatively inexpensive cells power hundreds of requires relatively high power from a small, lightweight battery.
military electronic devices and thousands of commercial devices Recent attempts to use commercially available LMD cells
in all sectors of society. Competition in a growing marketplace packaged into eight or nine cell battery configurations were
keeps the price low and availability high. Stability exists. On the unsuccessful due to performance limitations. The Army also
negative side, alkaline batteries are inadequate or inappropriate developed a LTC battery, the BA-6516/U, to meet the MELIOS's
for all applications. Cameras, computers, telephones and tools performance objectives. For another device, the Thermal Weapon
generally require smaller, lighter, more energetic alternatives than Sight (TWS), also needing high power, light weight, and sufficient
alkaline. energy to last over 12 hours, we identified a LTC battery, the BA-

6847/U, to meet the performance requirements. However, the

166



the hearing aid batteries, few batteries are purchased or used,
availability is restricted and costs are high. Zinc and Aluminum

LI Sulfur Oloxift air batteries have shown promising advances in power and energy
densities. However, continued advances are needed. The ability

L1 Mar•ngras\\ Diox\\ to add water available at the site of use makes these systems
attractive to a growing number of military users.

LI ThIonyl Chlorilke The potential for the highest energy density of sealed batteries

makes the Lithium Sulfuryl Chloride (LSC) battery very attractive
Metal Ar for the military. The 21st Century Land Warrior and Soldier

System require power to operate an electronic package integrating:
LI Sulturyl Chlorde two radios, a global positioning system, day and night vision

enhancement, target detection, aiming assist, a computer, displays
so 601 160 200 260 300 360 400 460 60 and possibly a backpack cooler. Ideally a battery complement will

Watt-Hours per Kilogram operate the non-cooling systems at an average of 10 watts for up to
Figure 1. Energy densities of n 72 hours. Operating at 250 watts, the cooler demands very high
rechargeable dual use technologies power. Practical limitations on size, weight and energy will

reduce the mission time for a battery operated cooler to four hours
- far less than the full mission. High energy is the key for the
remainder of the system and energy translates into weight or
energy density. Weight and volume are extremely critical since

expected high costs of these unique LTC batteries dictate a the soldier must carry all the electronics plus his normal combat
reevaluation of the requirements of the MELIOS's and TWS's gear. Early awareness of probable performance characteristics
missions. Can we identify other battery types that are more and costs will help direct our efforts toward a viable solution. As
justifiable in terms of dollars per mission or "best value"? shown above for the TWS, meeting only one of the parameters is

not acceptable. Performance, cost and availability must be
Let's view the above examples as positive endorsements improved for the LSC to enter the Army's inventory. Additional

of dual use technologies. All were attempts to adapt readily commercial interest is necessary for it to become an effective dual
available products into new applications for mutual gain. use technology. Our preliminary efforts are aimed at:
Potential benefits to the Army were decreased developmental costs improvements in power density without a compromise in energy
since the battery industry was already knowledgeable about each density, and overcoming self discharge.
battery chemistry from its own research, development and
production experience. Industry stood to gain by selling an Rechargeable Technologies
existing cell size, without costly engineering or design costs, using
existing production equipment and tooling. Maybe we were Until recently, the Army utilized very few rechargeable
premature. The performance and cost trade-offs must still be batteries in C41 equipment. These applications usually required
resolved before we attain true dual use. power levels beyond that attainable from primary batteries, i.e.,

the AN/GVS-5 laser rangefinder and the AN/TAS-4 TOW missile
Investigations of potential solutions are underway. The launcher. The predominate choice was Nickel Cadmium -

LMD electrochemistry can be packaged in cylinders or in foil certainly a dual use technology. Sealed Lead-acid was
packets or pouches. With and without government sponsorship, occasionally used.
industry is pursuing development aimed at increasing the power
and energy available from a given battery size by incorporating flat Today we are faced with new philosophies on cost,
plates of electrodes and electrolytes sandwiched together and training and the environment. Cost has risen in importance, the
sealed in foil pouches. This will allow greater volumetric phrase "train as you fight" no longer applies in all peacetime
efficiency and due to material handling simplifications will allow training exercises. Simply stated, rechargeable batteries can save
decreased production costs. With the introduction ofcommercial significant money during peacetime training. The greatest gains
applications such as laptop computers, a slow but increasing exist when the rechargeable batterys characteristics match those
demand is foreseen for power and energy from small, lightweight of the replaced primary battery during training missions. The high
batteries. This may spur the advancement of cylindrical LMD potential for cost avoidance resulting from rechargeable batteries
cells with higher rate capabilities, drives the Army to identify, develop and use improved

rechargeable batteries. Adapting our needs to utilize dual use
We are less enthusiastic about the LTC than the LMD. technology increases the benefit.

Over the next two to three years, design changes to achieve lower
costs must also maintain performance features without Figure 2 shows the potential, dual use, rechargeable
compromising safety. Technical approaches in this direction are electrochemistries and their relative energy densities. The sealed
not promising. While an order for tens of thousands of batteries or gelled Lead-acid batteries offer few performance advantages
could reduce the cost, justification of large purchase orders from over the Nickel Cadmium. They do offer low cost and are readily
the Army for unique LTC batteries is questionable at this time. available in a variety of sizes. Their biggest drawback is weight

per hour of use making them unsuitable for most conventional
Metal air batteries find use in the military primarily for Army missions of moderate length. For use in the AN/PRC-I 19,

special missions with highly trained operators. Commercially, SINCGARS radio, a Lead-acid battery weighing slightly less than
metal air batteries are in low power hearing aids, emergency two kilograms will operate for about 6 hours. The corresponding
equipment and special purpose devices. With the exception of
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with its non-rechargeable counterpart, applications tend to be
Lead Acid special purpose both in the military and commercially.

Nickel Cadmium • The last rechargeable system of interest is the Lithium
Ni Metal Hydride polymer. Prototypes exist but tend toward low rate designs.

Conceptually a bi-polar arrangement of thin membranes, produced
Lithium ton by inexpensive lamination techniques will benefit the Army and

Metali Lithi____ create many new commercial applications. With current research
focusing on fundamental properties, i.e., conductivity of

Metal Air membranes and electrolytes, production quantities will not exist
for many years.

Lithium Polymer

0 20 40 60 60 100 120 140 160 Alternative Technologies
Watt-Houxe per Kilogram

Figure 2. Energy densities of State-of-charge (SOC), power and energy management
rechargeable dual use technologies technologies offer an immediate benefit. Battery power is

expensive by comparison to 110 volt AC power. Discarding a
partially used battery and powering circuits when not needed
wastes expensive energy.

primary battery, BA-5590/U, weighing one kilogram operates for
24 hours. SOC meters and circuits exist for Lithium Sulfur

Dioxide batteries. The meter determines remaining capacity only
Nickel metal hydride batteries offer a reasonable when the battery is removed from its equipment. A good concept

increase in energy density and are emerging as one of the for depots but of limited use to soldiers in combat. Our
preferences for commercial video cameras, cellular telephones and experience with SOC circuits showed they were accurate. Costing
laptop computers. Detailed chemical, design and performance $2 to $5, they are not yet cheap enough for installation in every
characteristics of these and other new rechargeable batteries are battery. When such a circuit is developed, users of the
discussed elsewhere in the proceedings by George Au and Martin SINCGARS radio, which was already modified to accept a SOC
Sulkes. The first adaptation of this chemistry by the Army will be input, will benefit.
as a replacement for a 6 volt, 7 ampere-hour, primary battery, the
BA-5847/U, to support the fielding of the Thermal Weapon Power and energy management begin with the functional
Sight. This battery will contain commercial cells not optimized design of equipment and continue throughout the entire
for the BA-5847/U's volume. Potential for success is high. development process. Low voltage analog and digital
Optimization requires a blend of performance traits and choice of microelectronics, reconfigurable architectures, auto-shutdown and
the most cost effective cell size. The latter is driven by adaptive sleep modes are emerging as potential approaches. Our
commercial applications, guidance to industry is design not to use power, design the most

efficient circuits and then conserve energy whenever possible.
Lithium ion batteries are beginning to appear in small

quantities in relatively small cell sizes from a limited commercial Applications for solar and thermal photovoltaic
base. Performance attributes favor continuation of this product for technologies are increasing though still limited to special
both military and commercial applications. Our development purposes, i.e., float charge and small, low power devices.
efforts address: increasing the cell size to a "D" cell; maintaining Obviously the Army can not rely on the availability of abundant
safety; and optimizing the charge process without degrading the sunshine. We can not expect to create artificial sunlight while on
cycle life, depth-of-discharge or energy characteristics. With over the move in combat. Hopefully, peacetime training exercises will
40 Army portable C41 systems designed to operate from the BA- foster creative applications as the power per square meter
5590/U and an expected large usage in the TWS, our major thrust increases. An immediate, large scale change is unlikely.
centers on the "D" cell. Our belief is that Lithium ion batteries
require the additional development before they will replace the Fuel cells are of benefit when mission times are long,
Nickel metal hydride system. Commercial advances will be power is relatively high and low weight is critical. The Soldier
watched. System's backpack cooler is a good example. Industrial

consortiums, private enterprise and government agencies promise
Metallic Lithium has demonstrated superior prototypes within the next few years, however, production of fuel

performance for a rechargeable battery. However, limited cells meeting the Army's missions is not likely until the end of the
supporting data coupled with earlier safety failures foster century.
skepticism. Numerous breakthroughs in electrolytes and Conclusions
electrodes foretell great things are about to happen. Time will
tell. Realistically the introduction of a cost effective, logistically Changes in economics, politics, threat and technology
available, metallic Lithium battery as both a commercial and a perturb our priorities. Elevation of cost increases the desirability
military battery within the next three years is doubtful. of rechargeables. Who and where we fight alter how we fight and

hence redefine equipment performance. Scientific breakthroughs
Another battery system of medium risk is the occur but are unscheduled. Our plans for the future blend our

rechargeable, metal air. While limited cycle life is possible, the priorities with industry concerns. Incorporation of dual use
ability to remove and replace the electrolyte and electrodes has technology is seen as critical if the Army is to achieve its goals in
benefits. Negligible Army funds are pursuing this technology. As a rapid, cost effective manner.

168



Update on the USN Program to Reduce Aircraft Battery Maintenance Costs

Baird C. Newman Paul A. Scardaville
Crane Division Saft America Inc.

Naval Surface Warfare Ctr. 711 Industrial Blvd.
Crane, IN 47522 Valdosta, GA 31601

Flight Test Program in November 1993. This battery has also demonstrated
superior cycling capabilities, power, and capacity as

In January 1993, three Salt batteries, Ultra Low Main- compared to the standard QPL 20 Ah battery. At cycle
tenance versions of MIL-B-81757/9 (or BB433), were 1200 of the MIL-81757 standard cycle test (except for
entered into a 14-month flight test at Camp Pendleton, shorter rests and recharge times 1/2 of the standard),
California. the ULM battery performance is better than the cycle

One battery was assigned to each of three USMC Hel- 46 performance of the standard MIL-B-81757 20 Ah
icopter Squadrons flying AH-1 helicopters. The batteries batteries.
are kept in constant use.

One battery was capacity checked at 2 months, the sec- Schedule for Submission of Qual. Test ULM Batteries
ond at 4 months, and the third at 8 months. No water (1) MIL-B-81757/8 and /11 formats, 20 Ah:
additions were made. All three batteries were clean when December 1993
checked, with only microampere case leakage currents
observed. Capacities measured have been above mini- (2) MIL-B-81757/7 format, 10 Ah:
mum specification requirements. December 1993

On 1 March 1994, all batteries will be checked again.
Thus, the second round maintenance free intervals on Schedule for Submission of Prototype Evaluation Bat-
the 14 month, 1 March 1994, checkpoint will be: 12 teries:
months since recharge at 2 months; 10 months since Size Applica- Date
recharge at 4 months; and 6 months since recharge at 8 tion
months.

15 Ah F-18E/F November 1993
20Ah (MIL -B-8175718 &/11) Prototype 17 Ah AH-64 January 1994

7 Ah UH/AH-60 February 1994
A prototype for the 20 Ah batteries was supplied by Saft 35 Ah AHIW April 1994
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EVALUATION OF COMMERCIAL AA-SIZE LITHIUM CELLS
FOR NAVY MINE APPLICATIONS

Julie A. Banner, Clinton S. Winchester and William P. Kilroy

Naval Surface Warfare Center, Silver Spring, MD

Introduction Table 1. Test Cell Characteristics

The Navy is establishing a "Standard Family of Cells -
for Navy Mine Applications" in an effort to reduce the Chemistry Model Design RatedCapacity

expense and increase the availability of batteries for Navy EP LJSO2 LTC-30P Prismatic 2.6 Ah 0 7.4 mA
mine and mine countermeasure systems. The Standard
Family currently includes #6-, C- and A-size cells. It is our E1 Li/SOCI2  0TC85 Bobbin 1.9 Ah 0 0.1 mA

goal to identify a commercially available, AA-size lithium cell PCI LLVSOCI TCL T06/41 Bobbin 1.8 Ah @ 0.18 mA
to become the fourth member of this standardized group of I I I I

cells. SAFT LL/SOCI2  LS6 Bobbin 1.8 Ah 0 3 mA
Varta Li/'MnO 2  ICR MAA Bobbin 2 Ah @2 mA

A survey of commercially available lithium AA-size -r n -I -

cells was completed.' Eight different lithium-based Abbreviations in Table 1: Ampere-hours (Ah), milliamperes (mA)
chemistries produced in the AA-size were considered as
potential candidates for testing. After performing a critical An initial inspection was performed on all cells upon
evaluation of performance data, product availability, and receipt at the laboratory. The following data were taken:
level of technical maturity, five cell models were chosen for open circuit voltage, weight and AC resistance. Closed
in-depth testing and evaluation. Cells were ordered from circuit voltage tests were performed with a 200I load on ten
either the manufacturer or an authorized distribution house cells from each manufacturer, five at ambient temperature
in February of 1992. and five at -20C.

The test plan was based on requirements that are All cells were discharged using resistive loads. The
characteristic of mine and mine countermeasure power cells were fixed in a horizontal position during discharge.
sources. Test parameters were taken from weapon Unless otherwise indicated, five cells per manufacturer were
specifications for six power supplies that would be targeted used for each test. The cells to be discharged fresh were
for replacement using the new AA-size cell. Variables in the kept in a refrigerator at 10°C prior to testing. Cells to be
test plan included four discharge rates, three pulse loads, discharged after high temperature storage were stored in
three discharge temperatures, three storage temperatures, calibrated environmental chambers (Tenney Jr. units). Cells
and two storage durations. This report summarizes the were allowed to equilibrate at the discharge temperature for
performance of the five cell models tested using this test at least 4 hours prior to each test. Data were taken using
plan. This evaluation effort will be continued as cells with Fluke data loggers.
other chemistries and designs are added to the commercial
market. Low Rate Tests and Results

Some mine applications require a low-magnetic 3 mA Discharge at 230C
signature power source. Preliminary studies indicated that
commercially available cells do not meet this requirement. The baseline performances of fresh cells were
However, the magnetic signature is a secondary determined by discharging the cells at 3 mA at room
characteristic of a desirable cell technology. The primary temperature. At the 3 mA rate, all but the Eel cells met or
emphasis of this program was to characterize the exceeded the manufacturers' rated capacities (see Table 1)
performances of cells under discharge conditions typical of to a 2.0 volt (V) cutoff. The Eel cells were rated at 1.9 Ah at a
mine warfare applications. 0.1 mA rate and provided an average of 1.76 Ah when

tested at the 3 mA rate. While the capacity delivered by
Experimental Methods these cells was less than the rated capacity, the deviation is

not significant considering the difference in rates. All cells
Four lithium/thionyl chloride (Li/SOC12) cell models showed good voltage regulation during this test. The

and one lithium/manganese dioxide (Li/MnO 2 ) cell model Li/S0C12 and Li/MnO 2 cells had mid-discharge voltages of
were chosen for evaluation. The manufacturers of the 3.5V and 2.8V respectively.
Li/SOC12 cells wer':: Electrochem Industries (Eel), SAFT
France, Power Co "ersion, Inc. (PCI), and Eagle-Picher 3 mA Discharge at 490 C
(EP). The Eel cells were manufactured for Eel in Japan. The
Li/MnO 2 cells were purchased from Varta. Table 1 lists the When fresh cells were discharged at 3 mA at 490C,
manufacturers of the test cells along with the cells' the average capacity of all of the Li/SOCI2 cells decreased.
chemistries, model numbers, designs and rated capacities. The SAFT cells lost 8.4% capacity relative to room
The EP cell should not be considered a standard AA-size temperature discharge at the same rate. The cells from Eel,
cell because it is a square prism instead of a cylinder. This EP and PCI lost 13%, 16.3% and 17% respectively. The
volume difference accounts for the -25% additional rated Li/MnO 2 cells from Varta delivered 1.8% more capacity when
capacity as compared to the other four cell designs. discharged at elevated temperature.
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3 mA Discharge at -20C

Low temperature operation (-20C) is of particular fifth PCI cell fell to below 1.0 volt upon application of the load
interest for mine and mine countermeasure power source and never recovered. The SAFT cells provided the best
applications. Both SAFT and PCI cells delivered performance in this high rate test, with all cells discharging
approximately the same capacity at -20C as compared to at 50 mA with a voltage above 3.OV. These cells provided
room temperature at a 3 mA rate. The Eel cells, however, an average peak pulse current of 110 mA.
provided 4% more capacity at -20C than at room
temperature. The EP cells exhibited a depressed discharge High Rate Discharge at -2°C
voltage and lost 10% of capacity relative to room
temperature when discharged at -20C. The Varta cells lost The second high rate test was performed to determine
22% of capacity during this low temperature discharge and cell capacity to a cutoff of 2.OV. The LiVSOCI2 cells that
had a significantly lower mid-discharge voltage, would not discharge with a 65K in the first high rate test

were discharged with a 170L2 load. The Varta (Li/MnO 2)
0.25 mA Discharge at -540• cells were discharged with a 1250 load. A population of

three cells per manufacturer was used in this test.
Mine batteries may be required to provide an

extremely low current for memory retention once the system Table 2 summarizes the results. Only the SAFT and
has been programmed. Extreme temperatures are reached the PCI cells met the requirement of providing 0.4 Ah
during high-altitude transport on an airplane wing. To capacity at a 50 mA rate. The EP and Eel cells generated
simulate this scenario, the test cells were discharged at 0.25 some useful capacity when discharged at 20 mA. It is clear
mA at -540C for four days. The four Li/SOCI2 cells met the that the Varta cells were not effective under these discharge
minimum requirement of 4 hours and continued to discharge conditions.
in the 3.3 to 3.5V range for >120 hours, when the test was
terminated. The Eel cells had the highest mid-discharge Table 2. High Rate Discharge Performance
voltage for this test: 3.5V. The Li/MnO 2 cells from Varta also
met the minimum requirement, however the voltages Manufacturer T Rate of Test (mA) Avg. Capacity
dropped to 0 after 28 hours of discharge. I to 2.OV (Ah)

High Rate Tests and Results EP 20 1.35

Most mine and mine countermeasure power sources Eel 20 1.49
function for long times at low rates. However, one mine PCI 50 0.89
battery application that is a potential for retrofit using the AA-
size cell would require 0.4 Ah to be delivered at a rate of 50 SAFT 50 0.94
mA. Also, some applications require a high pulse (>100 mA) Varta 20 0.09
from the power source, possibly near the end of battery life.
Therefore, tests were conducted on fresh cells to determine Storage Tests and Results
the high rate and pulse capabilities of the various test
models. Mine and mine countermeasure power sources are

50 mA Discharae at -20C with Pulse routinely required to have a shelf life of greater than five
years. This long-life requirement, when coupled with the

A 650 load was applied to the Li/SOCI2 cells for four potential for high temperature storage and low temperature

hours, followed by a 280 load for >0.5 hours. The discharge, provides a challenging scenario for a battery.

corresponding loads for the Li/MnO2 cells were 50Q and Storage tests were completed to characterize the response
200.rThispondingads carrd othe Li/MnO20C. cel e 5P and t of these commercial cells to high temperature exposure20g. This test was carried out at -2fC. The EP and the followed by low temperature discharge. The following tests
Varta cells performed poorly. During the first four hours, the were designed to provide comparison data for the five cell
EP cells delivered an average of 20 mA, with a voltage types being evaluated and should not be interpreted as
around 1 .25V. The Varta cells provided a peak of 55 mA corltntoaogedutintalwrsoae

when the load was applied, with an initial voltage of 2.5V. correlating to a longer duration at a lower storage

By the end of the 4 hour portion of the discharge, the current temperature.

had dropped to 20 mA, with a corresponding voltage of 1V. Storage at 6°C for 45 Days
Neither the EP nor the Varta cells delivered any additional S
current when the pulse load was applied. Cells were stored for 45 days at 661C, then

The Eel cells discharged below 2.OV during the 50 mA discharged at 3 mA. The discharges were run at bothTheEolcels dscargd blow2.0 drin th 50mA ambient temperature and -200. Table 3 summarizes the
portion, and provided an average peak pulse current of only data from these tests, and also includes the comparable

45 mA. Four of the five PCI cells discharged for four hours data from tests po d o fresh des.

at 50 mA with a flat voltage of about 3V and provided an

average peak pulse current of 105 mA. The voltage of the

171



Table 3. Capacity to 2.0V in Ah of Cells Discharged at 3 mA The SAFT cells displayed the least capacity
as a Function of Storage and Discharge Temperature degradation after six months storage at 41 °C. These cells

lost approximately 8.6% of baseline capacity. The EP cells
23'C 231C 2-C 1 2,C also exhibited an 8% loss, but as was mentioned previously,

Discharge Discharge Discharge Discharge could not be discharged at the 50 mA rate. PCI cells were
Fresh cells 45 Days/66tC Fresh Cells 45 Days/66-C able to meet the 50 mA rate requirement, but lost >50% ofStorage Storage capacity as a result of 6 months storage at 41'C. The fresh

EP 2.96 2.91 5Eel cells performed well at the more moderate, 20 mA rate,

J 267 2.65 but lost 55.7% of capacity after storage. The Varta cells did
Eel 1.76 1.76 1.84 1.82 not deliver any appreciable capacity at the 20 mA rate.

PCI 1.85 1.63 1.83 1.62 Summary and Continuing Work

SAFT 2.04 2.02 2.03 - 2.02
- Upon completion of the testing, the SAFT LS6 cells

Varta 2.02 1.94 1.57 1.44 were identified as the best performers of the five cell models

tested. The SAFT cells delivered the highest capacity of the
Several interesting observations were made based four standard-size cells, performed the most consistently

on the data in Table 3. The EP cells showed no appreciable from cell to cell, provided the best high rate capabilities, and
change in capacity between fresh and stored cells, yet retained the most capacity after six-month storage. The EP
delivered approximately 10% more capacity at room LTC-30P cells provided the highest capacity at low rates due
temperature relative to -2°C. The Eel cells also exhibited no to the non-standard shape. However, the high rate tests
capacity loss due to 45 days storage at 66°C, but delivered demonstrated that the EP cells were unable to meet both the
almost 5% more capacity at -2°C than at room temperature. 50 mA discharge and the >100 mA pulse requirements. The
This is the only cell model tested that consistently yielded Eel 3B940 cells were also limited by a failure to perform well
more capacity at -2°C than at room temperature. at the highest rates. The PCI T06/41 cells showed good

high rate and pulse capability, but exhibited significant
The PCI cells were not affected by the variation in capacity loss after high temperature storage. The Varta CR

discharge temperature, but lost 11% of capacity after high AA cells, the only Li/MnO 2 design tested, were limited both
temperature storage. The Varta cells were affected by both by capacity losses when discharged at low temperature, and
discharge temperature and storage conditions; these cells an inability to discharge at moderate to high (20-50 mA)
delivered less capacity as the conditions become more rates.
harsh. The SAFT cells consistently delivered -2 Ah
regardless of discharge temperature or storage for 45 days The commercial cell test program generated a
at 660C. comprehensive data base of the capabilities of the five test

cells chosen for evaluation. We plan to purchase and
Storage at 41°C for Six Months evaluate new AA-size cells as they are added to the

commercial market. These may include Li/MnO 2 spiral cells
High rate discharges were performed on cells that produced by PCI and Dowty, and Li/SOC12 spiral cells

had been stored for six months at 41 1C. These tests were produced by EIC Laboratories, Inc. and Yardney Technical
performed on populations of three cells per manufacturer Products. We have also evaluated specially designed non-
and involved both 20 mA and 50 mA discharge rates, magnetic Li/SOCl2 cells developed by ECO, Inc. 2

depending on the capabilities of the cells. All discharges
were performed at -2°C. Table 4 summarizes the data from References
these tests and compares the results with the previously
given data from the fresh cells discharged at high rates. (1) Kilroy, W. P., Freeman, W. A., Banner, J. A., and Hoff,

G. F. (1993). Lithium AA-Size Cells for Navy Mine
Table 4. Stored and Fresh Cells Discharged at High Rates Applications: I. Selection and Test Plan. NSWCDD/TR-

at -2°C 92/210

Manufacturer Rate ofTest Capacity to 2.OV (Ah) (2) Kilroy, W. P., Banner, J. A., and Walsh, F. (1994).
(mA) Development of AA-size cells for mine batteries.

Fresh 6 Months @ 41'C Proceedings of the 36th Power Sources Conference.

EP 20 1.35 1.24

E,1 20 1.49 0.66

PCI 50 0.89 0.40

SAFT 50 0.93 0.85

Varta 20 0.09 0.04
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RECHARGEABLE BATTERY DEVELOPMENT FOR THE ANIPAS-13 THERMAL
WEAPONS SIGHT

Martin Sulkes and George Au, Army Research Lab,
Electronics and Power Sources Directorate, Fort Monmouth, NJ

Abstract

Rechargeable Lithium and Lithium-ion batteries in .,-
several electrochemical systems have been and are lo.
currently being investigated as potential candidates to
provide power for training missions to the AN/PAS-13,
"Thermal Weapons Sight (TWS)". Because of a unique
combination of power, weight, voltage and operating cost
requirements, this equipment was deemed the ideal
candidate to first field a rechargeable lithium battery in
significant quantities. The specific requirements of the
TWS and the capabilities of the various battery types
investigated will be discussed.

Introduction

The AN/PAS-13, "Thermal Weapons Sight (TWS),"
(Shown in Figure 1), is a class of low cost, lightweight
infrared imaging devices of medium to high resolution to
be used for the fire control of individual and crew served
weapons during both daylight and darkness. TWS is
required to operate in adverse weather and battlefield
conditions. It will be procured in large quantities for
provision down to the infantry squad level. Fig. 1 AN/PAS-13, Thermal Weapons Sight

When originally conceived, the key factors driving the
choice of a battery power source were: lightweight(0. 55
Ibs) due to the mounting location and a 12 hour operating
time to minimize battery changes. These goals were
achievable only with the BA6847, a 2 "D" cell Lithium-
Thionyl Chloride throwaway battery. Unfortunately these
superior performance attributes come at a cost of
approximately $1iwh. Even the Lithium Sulfur-dioxide,
BA5847/U, throwaway battery which provided only 1/2 or
less of the BA6847's service came at a cost of Table 1. TWS RECHARGEABLE BATTERY
approximately $0.60/WH. Original cost projections, in REQUIREMENTS
1990, when Lithium sulfer-dioxide demand was high, were
about 2/3's of the costs given above. Voltage Range 4-8 volts

Therefore, using throwaway batteries only, could Input Power
result in a 20 year operating and support (0 & S) cost of
$80M per 1000 TWS units. Based on the projected @50°C 12.4/4W for 2.9/7.1 minutes Typical

deployment schedule of many thousands of TWS's and 13.0W Continuous Maximum
heavy training requirements, costs of this magnitude are
unacceptable, except for the most critical military needs. @25-C 10/3W for 2.9 min/7.1 min Typical
The cost factor has become even more critical in 1994, 10.5W Continuous Maximum
when field units are required to budget and paj for the
batteries they use. @-20oC 9.2/2.2W for 2.9 min/7.1 min Typical

As such, the Electronics and Power Sources 9.5W Continuous Maximum

Directorate of the Army Research Lab was tasked by the
Project Manager for Night Vision in early 1991 to develop
a high capacity, lightweight, rechargeable battery, that Desired operating time: 4-6 hours on typical load equals
even with a cycle life as short as 50 cycles, could reduce
the cost of portable battery power by 6-10 times 20 to 30+ watt-hours
compared to Lithium Throwaway types. An examination
of the system requirements, shown in table 1, determined Weight - No more than 0.75 lbs (0.34kg)
that the TWS was an almost ideal candidate for a 30 watt-
hour rechargeable Lithium System. One particularly Size - 2.55 X 3.75 X 15 inches = 14.3 in3 (023L)
unique discharge load factor aiding the use of a
rechargeable lithium battery was the fact that the average
and peak loads decreased as temperatures dropped.
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After considering the state-of-the-art of rechargeable Table 2. LITHIUM METAL OXIDE COMPARISON
Lithium batteries at the time and the tradeoffs shown in
table 2, the choice was made to initially concentrate on LiV205 UINAQ0 Lio2Q2
the Li-V205 system. The reasons were it had a more
mature technology, lower self discharge, simpler charge
control and a high capacity based on the insertion of 1.8 END OF CHARGE 3.8V 4.1V 4.2V

Lithium per V205 (1). At the same period of time,
development was continuing on Lithium Nickel Oxide and SHARP END OF CHG YES NO NO
Lithium-Cobalt Dioxide as potentially higher energy END OF DISCHG 2.5/2.OV 2.8V 3.0V
systems. Also, investigation was started on Lithium-Ion or
"rocking chair" technology in order to respond to AVG DISCHG VOLT 3.3512.75 37 3.9
requirements for increased safety. Another approach,
pursued in cooperation with The Advanced Research ASSEMBLY STATE CHGED DISCHG DISCHG
Projects Agency (ARPA) was the demonstration of
Lithium-Polymer technology in a BB2847 battery, where SELF DISCHARGE
the Polymer system's high volume utilization could provide 1 MONTH @45C 5% 5% 10%"
a higher capacity than traditional round cells. Table 3 lists
the various related contractual efforts in chronological WH/KG PER CELL 110/50 168 175
order. However, as time has passed, factors unrelated to
battery performance, such as the industrial base for each
technology, its dual use potential and total cost of * SOME PERMANENT LOSS
ownership are being given greater weight in the choice of
a rechargeable battery for the TWS.

Results And Discussion

LiN29O5: The specifics of the Li/V205 "D" cells
developed for the BB2847 were given by Staniewicz and Table 3. BB-2847 Related Contractual Efforts
Broussely (2). When discharged at 2 amperes (2-3
ma/cm2 ) these cells provided more than 50 cycles, Contract (anency) Contracto Electrochemical Systems
starting at 16 wh, each and remaining above 10 wh.
Based on these encouraging results, 2 cell prototype
batteries were assembled using only the minimal controls DAAL01-90-C-0034 (ARL) SAFT Li-V 2 05/Li-LiNiO 2
and thermal protection devices thought necessary for this
system. They were then operated at the TWS 10 watt DAALO1-90-C-0036 (ARL) SAFT Li-LiNiO 2 /Li-LiCoO 2
load. Figure 2 compares the results from cell data with
that actually obtained in a battery configuration. As can DAALO0-92-C-0221 (ARL) Rayovac Li-C/LiNiO 2
be seen, a third of the battery's capacity is lost, compared MDA972-93-C-001 3 (ARPA) Valence LiSPE/anadium Oxide
to what was expected. Circuit voltage losses increased
the current so that the lower plateau was below the cutoff BAA 93-32 for flexible Multiple Li/SPE/LiC002
point of the equipment. In addition, cycle life was much
less than expected because of cell imbalance, caused by manufacturing (ARPA) Awards Li-C/SPE/LiMn 2 04,

4-

w
U

0° BATTERY

L

4.J

0 5 10 15 20 25 30 35
Capacity (Watt-Hr)

FIG 2. Lithium/V205 B62847 Battery on TWS Load.
- Comparison With Cell Data Without Thermal Controls.
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intermittent dendntic shorting. Because charge and
discharge were controlled on overall battery voltage,
individual cells were driven to extremes of voltage which
accelerated the batteries detenoration. As a result of
these problems and significant improvements in the
capacity of LiNi02 "D" cells by the SAFT R&D Center the
decision was made to drop the V205 chemistry for the
B82847.

LiNiO: The general design characteristics of the
Li/LiNiO2 "D" cells and the battery and charge controls are
described by Staniewicz, Romero and Gambrell in
reference 3. Figure 3 shows a Li/LiNiO2 battery with
charge controls. This rechargeable battery system had
many advantages for the TWS while presenting some
difficulties that required unique solutions. These
advantages included a high cell voltage (3.7 volt average)
which minimizes current demand, a cell energy density up
to 170 wh/kg and ability to provide extra capacity at high
temperatures as required by the equipment. Figure 4 :K"
shows TWS operating time as a function of temperature
based on cell performance. Figure 5 shows battery
discharge output at high and low temperature. Note that
the battery internal cutoff is temperature compensated to
prevent the excessive intercalation of lithium that can take
place at high temperatures with deleterious effects
because of the limited (2x) lithium capacity built into these
cells. The actual battery capacities from figure 3, were Fig. 3 Prototype Li/LiNiO 2
12% lower at high temperature than cell data would B82847 Rechargeable Battery
project because of the power loss across a diode and a
high voltage end of discharge cutoff. At low temperature
(-200C), battery output is more than 2X higher due to HOURS WATT-HOURS

battery self heating. 8 50

Disadvantages of the Li/LiNiO2 battery are those 40

common to most metallic Lithium batteries, and include 6

short cycle life, low recharge rate, the need for individual 30

cell controls and extensive safety protection. Again,
because the BB2847 is only a 2 cell battery, this did not 4 WATT-HOURS

present an insurmountable obstacle. In order to meet .20

safety needs, the Li/LiNiO2 - BB2847 used a dedicated
charger which individually charges each cell through a 2-

separate charging port by a current limited (0.4A),
constant potential of 4.1 volts. Typical charge time is 12- HOURS -WATT-HOURS

15 hours. A microprocessor control in the battery o..
provides resetable protection in the event of overcurrent, -30 -20 -10 0 10 20 30 40 50

overtemperature, and cell imbalance. It also TEMPERATURE (DEGREES C)

communicates with the charger microprocessor to limit FIG 4. TWS SERVICE WITH LiNiO2 BATTERY
change time and indicate any fault.

A total of 30 prototype batteries and 5 chargers were
delivered for evaluation. These hand made units, when
good, provided high capacity, (31 wh at 20*C/and 60
cycles to 20 whr). In all cases there were no safety 2/
problems. However, additional work would be required to a

improve and control all manufac*,iring processes and to Z
reduce the sensitivity of the digital control circuits to a
spurious signals before this technology could be
considered for limited fielding. Based on a 1993 market 6-

analysis, it was apparent that large metallic lithium cells > 3

and batteries using this technology would not be available
with an acceptable reliability and cost within the a) 2A/.3

foreseeable future. Nevertheless, much of the technology 4J
developed could be applicable to a lithium-ion version of 1

the BB2847. 4 1
01 2 3 45

Capacity (Amp-Hr)

FIG 5. Discharge Profile of Li/LINiO2 Batteries At -20 C

And 50 C On Simulated Constant Current TWS Loads
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Li-C2LiNi 2 : One version of the BB2847 using a Lithium-Ion, while not providing the full capacity
petroleum coke'anode is discussed in detail by Fouchard required, currently offers the best combination of capacity,
(4), including both cell and control information. A total of weight, safety and affordability. It is likely, however, that
30 of these batteries and 5 chargers have been delivered near term demands for the BB2847 may have to be met
to ARL for evaluation. Initial evaluations of these by the paralleling of several commercial type cells rather
prototypes have indicated that the Rayovac RCT battery than using tailored military "D" size cells.
can provide 20 wh at 67 wh/kg for 100 or more cycles.
Low temperature performance is excellent with For the longer term, Lithium-solid polymer electrolyte
approximately 75% of ambient service time being batteries made by flexible manufacturing techniques, offer
attainable at -30 0C. On the other hand, high temperature the poten*'al of providing a lightweight, low cost, higher
service at 50°C is reduced by about 25%. This occurs capacity rechargeable power source that can replace
because of the desire to maximize battery life and safety almost all throwaway battery requirements for the TWS.
at high temperature. Accordingly, a lowered voltage limit
is placed on charge and cell voltage which results in about
3% less capacity. Additional evaluations are being carried
out to determine life and storageability under a variety of
conditions. References

Another approach to the design of Li-ion "D" cells, 1. J.M. Cocciantelli, J.P. Dowrmere, M. Pouchard, M.
that have been demonstrated in BB2847 batteries, is Broussely, and J. Labat, J. Power Sources, 34, 103
described by Staniewicz, Gambrell and Castro (5) and (1991)
employs a graphite anod, with an ethylene carbonate
(EC) electrolyte. Evaluation of a limited number of battery 2. R.J. Staniewicz, M. Broussely, A. Romero, and J.
samples has been initiated using a charge control based Labat, "Rechargeable LiN205 D Cell Development"
on individual cell charging at a 4.1 volt constant potential. Proceedings of the 35th International Power Sources

Symposium, June 22-25, 1992, Cherry Hill, NJ
Li-C/LiCoO 2.: Another approach to achieve a BB2847

battery in minimum time is also being explored. This would 3. R.J. Staniewicz, A. Romero, A. Gambrell,
make use of commercially available lithium-ion cells such "Rechargeable Cells and Batteries Using LiNiO2
as the 18650 size. A total of 6 of these cells would fit the Positives" 3rd Lithium Battery Exploratory Development
BB2847 box and could provide 20wh at approximately 59 Workshop, June 23-24, 1993, Lake Placid, NY
wh/kg. A commercial example of this approach was
described by T. Ozawa and T. Aita (6) of Sony Corp., 4. D. Fouchard, W. Ebner, S. Meghead "Development of
where 3, 18650 size lithium-ion cells are paralleled to a Lithium-lon BB-2847 Battery" Proceedings of the 36th
provide 3ah and 3 cell groups are placed in series to International Power Sources Symposium, June 6-9, 1994,
provide 10 volts for a laptop computer. Each cell group Cherry Hill, NJ
would be equipped with electronic cutoffs for both charge
and discharge. 5. R.J. Staniewicz, A. Gambrell, G. Castro "Lithium like

Rechargeable Battery" ibid
Summary

6. K. Ozawa, T. Aita, "Multicell Pack Using Li-lon

Metallic Lithium-Nickel Oxide cylindrical "D" cells, Rechargeable Batteries", Eleventh International Primary
while having the energy density necessary for the TWS, and Secondary Battery Technology and Applications, Feb
are not considered ready for procurement at an affordable 28-Mar 3, 1994, Deerfield Beach, FL
cost or with the required reliability and safety.
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Effects of Repeated Resistance Testing
on the Firing Ability of Igniter EP360-3

Gary Q. O'Day
Eagle-Picher Industries, Inc.

Joplin, Missouri 64801
and

David M. Ryan
Aero Propulsion and Power Directorate

Wright Patterson AFB
Ohio 45433-7251

The testing can be divided into three parts. First, 35 (thirty-
INTRODUCTION five) units were tested to determine the estimated test stimulusrequired to fire the igniter with a reliability of 99.99% and a

An igniter is an electroexplosive device (EED) which is confidence level of 95%. This first group was used as a control

typically used to activate thermal batteries, propellants, or other group.
fuels. Being an hermetically sealed unit, the only electrical check is Second, 40 (forty) igniters taken from the same productiona tst f te iniersresstace Ths rpeaed esstace estng lot, had resistance readings taken every 2 (two) minutes ( 1
a test of the igniters resistance. This repeated resistance testing milliampere of current for 20 milliseconds) for a total of 10,001
causes some concern for certain users. The igniters are rated by All-checks.
Fire and No-Fire current pulses. The igniter used for this test is rated resistance checks.at 3.5 Amps, 20 millisecond All-Fire pulse and 1.0 Amp, 5 minute Third, the group of igniters that had been resistance checked
at-3.Apsewhich implies that within certain statistical parameters were then tested in the exact same manner as the first group toNo-Fire pulse wdetermine the estimated test stimulus required to fire the ignitersthe given pulses will either activate or not activate the igniter. with a reliability of 99.99% and a confidence level of 95%. The two

This report summarizes the work completed under U.S. Air estimated test stimuli were then compared to determine if the igniters
Force contract F33601-93-P-7648, Data Item #0002, issued I l ability to fire had been impaired.
March 1993 and completed 8 September 1993.

The objective of this test was to determine if desensitization
of an igniter occurs due to repeated resistance checks. An EP360-3
igniter (Eagle-Picher Industries, Inc., part number 31-32-026-0) was BRUCETON TEST OF CONTROL GROUP
chosen for this test. This is a dual bridge igniter with only one
bridge circuit used for testing. A Bruceton reliability test was performed on the control

group to determine the level at which the units will activate.

The Bruceton Test
The Bruceton Method of Sensitivity Testing provides results

from which a statistical estimate of a high assurance of reliability can
o.360 • be established on the assumption that the percentage functioning isT-E Qrelated to the test levels by means of a normal error function.

In the first part of the test, five (5) units are tested to
-.200 determine an approximate level at which 50% of the units will fire

(denoted by the letter Vk'). In the second part of the test, the first unit
SCHEMATnC 01AGRAM is exposed to a pulse at this level and subsequent units are exposed to

levels determined by the previous units ability to fire. An arbitrarym m 7level (denoted by the letter 'd') is set as the increment between test
levels. If the first unit fires, the next unit is exposed to a pulse at a1 2 3 P level of k-d. If the unit does not fire, the next unit is exposed to aPiN pulse at a level of k+d. Each succeeding unit will be tested at a level

EP 360-3 IGNITER dependent upon the firing behavior of the previous unit. (i.e. if the
(PART NUMBER 31-32-026-0) previous unit fired, the next unit will be tested at a level 'd' less than

the previous level, and if the previous unit failed to fire, the next unit
will be tested at level d' greater then the previous level.) Thus, the

Figure 1 EP360o Izgniter with Schematic test results will be a sequence of fires (denoted by X) and failures
(denoted by 0) centered about the 50% firing level.
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Fire Current X' Denotes Fire O' Denotes Did Not Fire
(Amps) I 23 4 5 6 7 8 9110 11 12 13 1415 16 17118 19 20121 22 232425 26 27 28j29 3031 32333435

1.75 X X X X X X
1.70 0 0 X X X X X 0 0 0 O X X
1.65 X 0 X 0 0 0- 0 0 X 0 01 1.60 O 0 0 1O
1.55 0

Test Fire No-Fire Estimated Test Stimulus = 2.13 Amps
Current

1.75 6 0
1.70 7 6
1.65 3 8
1.60 1 3
1.55 0 1

Total 17 18

Figure 2. Bruceton Test Data for Control Group

Control Group Testing
Using the above method the 50% firing level (k) was

determined to be 1.65 Amperes with a 20 millisecond pulse. The
distance between levels (d) was set at 0.05 Amperes. All test pulses
will be of a 20 millisecond duration. Resistance Readings

The 35 units in the control group were then tested to produce
the data shown in Figure 2. The table at the bottom of Figure 2 was Igniter Number 1
then completed and entered into a computer program which Ohms
calculated the estimated test stimulus, estimated error, etc. 1.2s

Results1.05

The estimated test stimulus required to fire the control group 1
of igniters with a reliability of 99.99% and a confidence level of 0.95
95% was found to be 2.1301 Amperes with an estimated error of 0.9

0.850.0870. which gives a range of 2.0431 to 2.2171 Amperes with a 20 2000
millisecond pulse duration. 0 1000 20Mo3000 4000 5000 6000 7000 8000 9000 loo0

Reading Number
-- Resistance (Ohms)

Figure 3. Resistance Readings for Igniter Number 01

RESISTANCE CYCLE TESTING

A second group of 40 igniters were selected from the same
production lot. This test group was subjected to a continuous testing
of the bridge circuit for a total of 10,001 tests. BRUCETON TEST OF CYCLED GROUP

The igniters were connected to a Hewlett-Packard 3497A
data acquisition system and HP86B computer which sent 1 The igniters from the above resistance cycle testing were then
milliampere of current to each igniter every two minutes. All testing tested by the Bruceton Me the imulue exact same manner as the
was performed under ambient conditions. A graph of the resistance control group to determine the stimulus level required to activate the
readings for igniter serial number 01 can be seen in Figure 3. igniters.

Comparing the resistance values at the beginning and end of R The data is shown as Figure 4. The estimated test stimulus
the cycle shows that all of the igniters showed a lowering of required to fire the igniter with a reliability of 99.99% and a
resistance but none were significantly lower, with a maximum drop confidence level of 95% was found to be 1.8625 Amperes with anresitane bt nne eresigifiantl loerwit a axium rop estimated error of 0.0324 which gives a range of 1.8301 to 1.8949
of 0.03 ohms. The specified range of resistance on this igniter is Amaeres.
1.00 +/- 0.10 ohms. Amperes.
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Fire Current X Denotes Fire 'O' Denotes Did Not Fire
(Amps) 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18I 19 20 21 22 23 24j25j26 27 28 29 30131 32 33 3

1.75 H 1 X X
1.70 X X X 0 X X X X 0 X X X X X
1.65 0 0 X X O X 0 0 0 0 O O X 0 0
1.60 0 01 0
1.55 LA I ±

Test Fire No-Fire Estimated Test Stimulus = 1.86 Amps
Current

1.75 2 0
1.70 12 2
1.65 4 11
1.60 0 4
1.55 0 0

Total 18 17

Figure 4. Bruceton Test Data for Test Group

CONCLUSION•

Effect of testing on resistance
After 10,001 resistance checks at I milliampere every 2

minutes, the resistance of the EP360-3 igniter changed a maximum
of 3%. This change is well within the normal 10% tolerance
specified for the particular igniter. Therefore, it is concluded that In an ideal case the estimated test stimulus, plus or minus therepate reistncetesingat I milliampere had no immediately estimated error, for each test should overlap if the resistance testing
repeated resistance testing ahad absolutely no effect on the igniter. The fact that it did not do sosignificant effect on the igniters resistance. for this set of tests may be due to statistical inaccuracies. It would be

Effect of testing on sensitivity desirable to perform the Bruceton tests on larger samples or perform

The Bruceton test on the control group yielded an estimated more Bruceton tests on control groups to determine if the estimated

test stimulus of 2.1301 Amperes at a 20 millisecond pulse. The test stimulus found would fall in the range set by the control group in

Bruceton test on the test group of resistance cycled igniters yielded this test.
an estimated test stimulus of 1.8625 Amperes with a 20 millisecond All of these tests were performed under ambient conditions.an etimtedtes stmulu of1.825 mpees wth 20miliseond Additional testing may include: resistance cycle testing at high and

pulse. This is a difference of 13% with the control group requiring a Aow tem ture m es resistance cycle testing in c nj

greater current level than the test group. If the resistance cycling had low temperature extremes, resistance cycle testing in conjunction
desensitized the igni;ters, one would expect to see the test group with temperature cycle testing, and Bruceton testing at high and low

requiring a greater amount of current before activating. In this temperature extremes or any combination of the above.

experiment we have seen just the opposite. This may be due to the Also, it would be desirable to perform testing to determine

inaccuracies of the statistical analysis of the Bruceton test because of what will cause a degradation in the igniters ability to fire. Possible

the small sample size used. tests in this area include: a longer cycle of resistance testing, a higher
level of current during resistance cycle testing, and a prolonged
period after resistance testing before firing.

Estimated Estimated Range
Group Test Stimulus Error

Control 2.1301 .0870 2.0431-2.2171 REFERENCES

Test 1.8625 .0324 1.8301-1.8949 (1) NAVORD Report 2101, "Statistical Methods Appropriate for

Tabl 1.Tes Dat CoparsonEvaluation of Fuze Explosive Train Safety and Reliability", 13
Table 1. Test Data Comparison October 1953

Due to the estimated test stimulus required of the test group (2) Eagle-Picher Industries, Incorporated document OP-QC-035,
not being significantly higher than that of the control group, it can be "Bruceton Test Method"
concluded that continual testing of resistance at I milliampere of
current for 10,001 checks has no significant effect on the igniters
ability to fire.
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DISPOSAL CHARACTERISTICS OF SELECTED MILITARY BATTERIES
Louis F. Soffer

US Army Communications-Electronics Command
Fort Monmouth, New Jersey 07703

Introduction or toxic (D004-D043) in
accordance with (IAW) established

Over the past ten years analytical procedures under this
considerable work has been done regulation. RCRA toxicity
to assess the disposal regulations became more severe in
characteristics of CECOM-procured 1990, when test Method 1311 was
military batteries using current changed from the Extraction
US Environmental Protection Procedure Toxicity (EP Tox) test
Agency (EPA) hazardous waste (HW) to the Toxicity Characteristic
identification regulations, and Leaching Procedure (TCLP). This
state bioassay requirements. change means, in many cases, that
This paper presents previous and a higher concentration of a TCLP
current test methods, results, contaminate may be extracted from
disposal requirements and design the sample, than was the case
implications for six classes of utilizing the EP Tox methodology.
military batteries procured by A solid waste is determined to be
the US Army Communications- a HW when the extract
Electronics Command (CECOM). concentration under TCLP for a

particular contaminate is equal
We have assessed the disposal to or greater than the

characteristics of Army batteries "regulatory level (mg/L)" in
under Resource Conservation and "Table 1, Maximum Concentration
Recovery Act (RCRA) regulations of Contaminants for the Toxicity
administered by EPA, and state Characteristic" of 40 CFR 261.24.
bioassay requirements. This
paper presents findings and All states must utilize RCRA
regulatory management guidance requirements as a minimum for the
for CECOM-procured alkaline determination of HW. In addition
(ALK), zinc-carbon (LCE), to RCRA's TCLP the states of
magnesium (MG), lithium-manganese Alaska, California, Minnesota,
dioxide (Li-Mn0 2 ), lithium-sulfur Rhode Island, and Washington
dioxide (Li-SO2 ) and lithium- utilize bioassay techniques to
thionyl chloride (Li-SOCI 2 ) determine toxicity for HW
batteries, identification. Bioassay test

utilizes an organism's response
Background to a chemical insult to assay

toxicity. The measure of
RCRA regulations define HW toxicity is inversely

either by listing specific waste proportional to the amount of
streams, or by the identifying chemical substance to which the
specific characteristics under 40 organism is exposed. A typical
Code of Federal Regulations (CFR) criteria is the lethal
Part 261 Subpart C. Batteries concentration (LC) <500 mg/L,
are not listed; and therefore, in which is fatal to 50% of the test
order for them to be identified organisms, i.e. LC50 , during a 96
as HW under RCRA, they must be hour (96-h) test period.
found to be ignitable (DO01),
corrosive (D002), reactive (D003) Previous Findings
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CECOM has analyzed MG and Li- methodology and results are shown
SO2 military batteries1 , 2 prior to below under analysis 2.
TCLP requirements. MG batteries
were found to be non-hazardous Analysis41
solid waste (NHSW). Li-SO2
batteries were found to be Method
ignitable (DO01), and reactive
(D003) under RCRA. The A random sample, n-42
management recommendation for Li- (7/type), of ALK, LCE, MG, Li-
s02 batteries suggested that the MnO2 , Li-SO2 and Li-SOCl military
complete discharge of the battery batteries were selected from
would eliminate D001 and D003 depot stock. Prior to analysis
characteristics, thereby allowing ALK, LCE, MG Li-MnO2 batteries
for its disposal as a NHSW. US were discharged to 50% of
Army Laboratory Command (LABCOM) capacity to simulate field
analysis of Li-SOCl 2 military conditions prior to disposal.
batteries3 yielded results and IAW solid waste management
management recommendations guidance2 , 3 Li-SO and Li-SOCl 2
similar to those for Li-SO2  batteries should be totally
batteries, discharged prior to disposal;

therefore, these batteries were
Current Efforts totally discharged prior to

analysis.
When the TCLP methodology

replaced EP Tox we undertook a TCLP: The battery samples
major study4 to evaluate ALK, LCE, were then reduced to <9.5mm
MG, Li-Mn02 , Li-SO2 and Li-SOCI 2  particle size, and 100g aliquots
military batteries for the were extracted IAW TCLP
toxicity characteristic under methodology. The extracted
TCLP. The other RCRA leacheates were analyzed for
characteristic tests for metals, volatile organic
ignitability, corrosivity and compounds and semi-volatile
reactivity were not affected by organic compounds, except for
this 1990 regulatory change. In pesticides and herbicides, IAW
addition, we decided to analyze SW-846 9 as required by Method
these batteries utilizing 1311. Metal leacheate samples
California's (CA) bioassay were analyzed using atomic
methodology. The methodology and absorption spectrometry or
results are shown below under inductively coupled plasm
analysis 1. technique. Volatile organic

compounds and semi-volatile
A finding of analysis 1 organic compounds were analyzed

below, indicated that MG using gas chromatography/mass
batteries discharged to 50% spectrometry or high performance
capacity should be characterized liquid chromatography as
as toxic HW for Cr (D007) under appropriate.
RCRA. This finding was
challenged by a major battery Bioassay: Aquatic bioassays
supplier. 5  The supplier's were conducted to further
findings suggested that the TCLP characterize HW. CA's
sensitivity for Cr was dependent
on the battery's state of charge.
This prompted an additional TCLP
study0 to clarify this issue. The
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Table 1

Summary of TCLP Results by Battery Chemical Type
n=421 . Mean (mg/LI

TCLP
TCLP Type Regulatory

Contaminant ALK LCE MG Li-MnO2  Li-SO2 Li-SOCI 2  Limit

Arsenic 0.53 0.190 0.15 0.062 <0.050 0.10 5.0

Barium <0.10 0.18 0.88 <0.10 <0.10 0.15 100.0

Cadmium <0.0030 0.052 0.0033 <0.0030 0.017 <0.0030 1.0

Chromium <0.010 0.010 9.12 0.012 <0.010 4.23 5.0

Lead <0.050 0.186 <0.050 <0.050 <0.050 <0.050 5.0

Mercury 0.033 0.040 N/A 4  N/A N/A N/A 0.2

Selenium <0.050 0.058 0.088 <0.050 <0.050 0.082 1.0

Silver <0.010 0.036 <0.010 <0.010 <0.010 <0.010 5.0
Notes: 1. Sub-sample, n=7, for each battery chemistry type.

2. Mean value exceeds regulatory limit.
3. Upper 95% confidence limit around mean exceeded regulatory

limit.
4. Lithium and Magnesium batteries do not contain mercury.

methodology was selected as a TCLP: No volatile organic
representative test. 8  The TCLP compounds nor semi-volatile
method uses an acetate buffer, organic compounds were found that
which is toxic to some aquatic exceeded the regulatory limits
biota. In order to eliminate (RL) established by 40 CFR 261
this confounding variable, Method criteria. The results for "EPA
1312 from SW-846 was utilized for Contaminant" metals are found in
extraction, which is not toxic to Table 1. Fifty percent capacity
the Fathead minnow and MG batteries exceeded the 5.0
Ceriodaphnia, utilized in CA's mg/L RL for Cr. The upper 95%
methodology. The organisms confidence limit around the mean
utilized represent vertebrate for totally discharged Li-SOC1 2
and invertebrate species, batteries exceeds the 5.0 mg/L RL
respectively. Preliminary 48-h for Cr. Under EPA's
LCs 0 acute toxicity tests were interpretation Li-SOC1 2 failed the
conducted to establish dilution TCLP RL. Therefore, 50% capacity
ranges. Acute 96-h LCs 0 toxicity MG batteries, and totally
tests were conducted. The LCs 0  discharged Li-SOC12 batteries are
concentrations (mg of battery/L) considered HW.
reported will kill 50% of the
test animals in the specified Bayj: Table 2 summarizes
time period. the 96-h LC50  acute toxicity

results for MG, Li-SO2, Li-MnO2
Results and ALK batteries. LC50 of <500
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mg/L are identified as NW. exceeded the RLs established by
Preliminary 48-h acute LCso 40 CFR 261 criteria.
toxicity tests for LWE (LC50-289
mg/L) and Li-SOCl (LC 50-2.5 mg/L) Chromium (Mg/L)
batteries identilied them as IW
under this criteria. 96-h LCso
testing for these later two
classes of batteries was not
required. Li-XnO2 , ALK, LCE and
Li-SOCI 2 batteries are NW under
this bioassay criteria. 2

Table 2

Acute 96-h LCSO Toxicity
by Battery Type Ima of battery/L pin

Battery Toot Organism S

Type Fathead CeriodaphnLa "' W U iS U i 4 U 2 35 5

Minnow Capacity (%)
MG 22,928 18,067 Figure 1. TCLP Analysis of

Li-SO2  691 702 MG Batteries

Li-MnO2  288 73 Discsion

ALK 246 51
A s6 The EP Tox method uses a

Method7 structural integrity test (SIT)
to determine the particle size

A random sample, n-20 prior to extraction. During
(5/condition), of military MG previous analysis many battery
batteries were selected from cells survived the SIT intact,
independent government test and internal battery/cell
samples previously obtained, structures could not be extracted
Prior to analysis the samples prior to analysis. This model is
were assigned and pre-conditioned inadequate as eventually
to four state of capacity batteries/cells lose integrity in
conditions: 100% (un-discharged), a landfill disposal site. The
50% (50% capacity), 10% (10% TCLP does not utilize a SIT.
capacity), and 0% (totally TCLP requires all components to
discharged). be "crushed, cut, or ground",

such that, the sample particles
T=: The samples were will pass through 9.5mm sieve

prepared and analyzed IAW prior to extraction and analysis.
procedures described under Solids and liquids are amenable
Analysis 1, above. to extraction as well asvolatiles in a "zero-headspace

Results: MG batteries extractor" utilized by this
discharged to <50% capacity did method.
not exceed RCRA RL for Cr, see There is a great difference
Figure 1. No other metals, between EPA's TCLP and bioassay
volatile organic compounds, nor tests to identify HW. Bioassay
semi-volatile organic compounds is independent for the chemical
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compound(s) present. TCLP looks important concept. We have
for a particular concentration recently commented regarding
(mg/L) level of a specific Docket I F-93-SCSP-FFFFF, 0 , which
element or chemical compound affects the recycling and
present, which is defined as a reclamation of batteries.
HW. Bioassay is only concerned, Presently New Jersey's code
if the test animal dies at the requires battery recycling. It
LC50 <500 mg/L. These methods is important that industry
provide two different means of continues to take positive steps
assessing toxicity. It is quite to ensure a means to recycle and
possible that more states may market spent batteries/cells to
adopt bioassay in the future, reduce the HW stream.
particularly those with fragile
and extensive wetlands. Design

Fida We have already incorporated
a complete discharge device in

Our findings support the military procured Li-SO2 and Li-
manufacturer's data, which SOt1 2 batteries to eliminate their
indicate that available chromium reactivity prior to disposal.
is affected bý the battery's Since MG batteries with <50%
state of charge. It appears that capacity are not HW under RCRA,
MG batteries with <50% charge do we may consider the same approach
not exhibit Cr in excess of the in the future for the MG
RCRA RLs. Management guidance batteries.
has been provided to user
activities, so that, users may Conclusion
test battery capacity prior to
disposal. The challenge for the future

is to identify, isolate, and
Environmental Reaulations properly manage hazardous waste

to prevent its entering the waste
The characterization of HW stream. We should and must

for disposal depends on your minimize waste in order to
location and its applicable protect our environment and that
regulations. Findings aside, we of our children. This is called
must deal with "NIMBY", that is pollution prevention, which is
the Not in My Back Yard syndrome. the thrust of the Pollution
I can only suggest that it must Prevention Act of 1990. We
be dealt with on a case-by-case should strive to reduce the waste
basis. It is important to get to at its inception, that is by
know your regulator. Even if designing our commodities for
findings indicate that the reuse, remanufacture or
material for disposal is a NHSW, recycling. We should attempt to
the county officials may not use less hazardous components.
allow the waste at the landfill We have reduced the mercury
site without a special permit. content in LCE and ALK batteries.
And with regard to permits, the Maybe we can reduce chromium in
disposal site's permit must MG batteries, or increase the
include your waste stream, or life or cycles of secondary
your organization may not use the batteries. This will help meet
site. the requirements of Executive

Order 12856. Only your
Waste minimization is another innovation can achieve these
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TACTICAL POWER FOR MOBILE DIRECTED ENERGY SYSTEMS
Tom R. Childers

Belvoir Research, Development and Engineering Center
Ft. Belvoir, VA 22060

Introductio

This paper discusses some state-of-the-art approaches and special purpose system requiring a turbine. The small space
options for development of very lightweight prime power source available (30" diameter, 6' long) coupled with high power
components suitable for a wide range of pulsed load applications, requirements calls for a lightweight turbine. A diesel fueled ram-air
Prime power refers to components which convert available energy compression turbine engine was chosen to make use of the existing
(typically kerosene based fuel) into useful electrical power. Typical Mach 2 airflow. System considerations required minimizing air
pulsed loads include High Power Microwaves (HPM), High Power scoop drag on the missile. Drag was partially compensated by using
Radars (HPR), Kinetic Energy Weapons (KEW) and High Power the engine exhaust for thrust. The short operating time (4 min)
Lasers (HPL). required 5 gallons of fuel for a nominal 1700 hp output. The effort

for the 1 MW Airborne Power Source took place in the late 1980s
A discussion of two projects undertaken by BRDEC will under the auspices of the US Army Harry Diamond Laboratories.

illustrate some of the approaches available to achieve high power
density prime power systems. These projects include: Engine design parameters: 30,000 r/min, 1.25 MW, 200 lbs,

22" long, 18" diameter, 7 lbs/sec mass flow rate, 1,700 degree F
a. The design of a 1 MW power source for a conceptual turbine inlet temperature. [1]
airborne application. This effort is discussed in Part 1.

High Speed, High Frequency (HSHF)
b. The Ground Based Radar (GBR) 1 MW prime power Alternator Considerations
development effort. This is discussed in Part 2.

Given the various system constraints and requirements, the
Concepts and ideas abound using pulse compression choice of alternator was fairly clear. High speed operation usually

techniques to power tactical, mobile pulsed electromagnetic (EM) translates to high power density alternators, and matching speed
systems. Tactical mobility is needed for "shoot and scoot" with the engine eliminated gearbox weight. However, development
battlefield scenarios. However, successful development of mobile of custom, high speed alternators can be costly and risky.
pulsed systems is often hindered by the size/weight of the prime Commercial aircraft alternators are available up to 24,000 r/min, but
power source. A typical prime power source consists of an engine usually with powers no higher than 200 kW. Some 250-600 kW,
to convert fuel to mechanical energy, an alternator to create 400 Hz air-cooled machines have been designed and built with
electrical power, and first stage conditioning for power driving the weights in the 300-600 lb range. HSHF alternators can be used
pulsed system. Typically, pulsed systems require d.c. power, either with reciprocating engines at the expense of gearbox weight, which
high voltage (HV) or high current. These systems often require may offset any gains. A 1 MW rated reciprocating diesel engine
large amounts of average power for effective operation. typically operates at around 1,800 to 2,400 r/min. A turbine engine

directly driving a high speed alternator provides a system with the
The pulsed system generally is integrated with a mobile best power density.

platform (aircraft, land vehicle, or ship). Tactical aircraft usually
provide the greatest size/weight constraints, while ships provide the A custom HSHF (2 kHz) alternator design was chosen to
least. Sometimes the existing platform engine can be used; if not, meet size/weight constraints. The alternator is directly coupled to
a separate engine must be integrated. Turbine engines provide high the engine, thus operating at 30,000 r/min. The alternator is a
power density while reciprocating engines are less power dense. If permanent magnet axial-gap (PMAG) design utilizing a composite
large rotary (Wankel) engines operating on kerosene based fuels wrapped rotor to contain the high mechanical stresses generated
become commercially available in the future, they would provide when spinning at 30,000 r/min. Permanent magnets simplify rotor
design and cost flexibility between turbine and reciprocating design at the expense of direct control of the rotor fields and output
engines. Research is being conducted on smaller diesel rotaries in voltage. For this application, however, small variations in generator
the 10 - 100 kW range. voltage and frequency are acceptable. A small cooling system was

designed for the alternator to handle some of the excess heat.
This paper examines current requirements for mobile, Coolant is pumped through hollow stator conductors to absorb

tactical prime power systems: small size, low weight, high conductor losses, maintaining a closed primary cooling loop. Heat
reliability, and effective system integration, is exchanged with a vaporizing coolant which is dumped overboard

when pressure relief settings are exceeded. Due to the short
operating time, the alternator thermal inertia could absorb a large

PART 1: 1 MW Airborne Prime Power Source portion of excess heat.

Alternator design parameters: 30,000 r/min, 8 poles (2,000
The goal of this program was to develop a complete prime Hz), 1 MW average, 4 min duty, 270 Ibs, 16" long, 22" diameter,

power system which could fit inside a 30" diameter, 6' long space 3-phase, 2 kHz, 1,950 V L-N and WYE output. [21 [31
inside a missile. The system must convert diesel fuel to 100 kV
d.c. to charge a pulsed capacitor. The Belvoir portion included First Stage Power Conditioning
integration of a turbine engine, direct driven alternator and TR Un
transformer rectifier (TR) unit. Components beyond the TR unit
were to be developed by other agencies. Typically, the first stage of power conditioning is a rectifier

to convert a.c. from the alternator to d.c. This d.c. power usually
Turbine Engine Design feeds energy storage/pulse compression circuits. Often a

transformer is used before rectification to obtain the desired d.c.
The airborne power source design effort illustrates a typical voltage. Pulsed systems like KEWs usually require lower voltages
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and high currents; the reverse is true for HPL and HPM systems. Handling excess heat is an ever present issue in compact
HPRs can be of two types: tube technology which requires high prime power source design. The best approach is to use efficient
voltages, or solid state technology which requires low voltages, components. The alternator and TR unit selected are inherently

efficient, operating in the 93% and 97% efficiency range
High frequency operation means smaller transformers. Thus respectively. However, with the high average power required, even

HSHF alternators are not only lightweight themselves, they allow these efficiencies give rise to significant waste heat. The relatively
for smaller, lighter TR units. The transformer core is usually one short (4 min) operating time allowed the thermal capacitance of the
of the heaviest pieces in a TR unit, and core size decreases with components to absorb much of the waste heat. Longer operating
increasing frequency. times would necessitate the use of a cooling system designed for

steady state operation.
The TR design for the I MW power source is

straightforward using a 3-phase DELTA-WYE transformer and full PART 2: GBR Prime Power Development Effort
wave bridge rectification. State-of-the-art HV rectifiers and high
fre -uency operation combine to create high power density. The TR The system in Part I illustrates a case where alternator
is .mmersed in dielectric fluid which prevents voltage breakdown frequency is a design variable because the load is a pulsed capacitor
and acts as a passive thermal reservoir during operation. which requires d.c. However, the GBR system, like most Army

and DoD loads, specifies 60 Hz as the input frequency. Design
TR unit design parameters: 220 lbs wet, 7 cu.ft., 3-phase options for the GBR requirement are discussed below.

DELTA-WYE, I MW average, 2,000 Hz, 100 kV d.c. peak output
and 150 kV d.c. peak inverse voltage. [4] GBR requirements offer challenges different from the

airborne system discussed in Part 1. GBR prime power
Airborne Power System Integration considerations include C-130 transportability, robust ground

mobility, continuous duty operation and noise and IR suppression.
This section provides an overview of system integration for

the power source components and power source integration with the For a traditional I MW, 60 Hz power system, the heaviest
pulsed load. This will illustrate integration issues common to many component is typically the alternator which usually operates at 1,800
pulsed systems. r/min. Alternator size and weight can greatly reduced if the speed

can be increased. However, increasing speed gives rise to higher
An optimum engine/alternator design speed would minimize frequencies which are not suitable for a 60 Hz specification. To this

weight, prevent operation near critical speeds and reduce technical end, we have explored using a compact HSHF alternator which
risk to acceptable levels. Alternator design weight decreased with feeds solid state power conditioning to produce regulated 60 Hz.
speed as did the engine design weight; analysis showed 30,000
r/min to be optimum. The primary issue is whether a system based on a HSHF

alternator coupled with power conditioning will reduce overall
The power source was designed to charge an energy storage weight when compared to commercial 60 Hz alternator based

capacitor, which was the first stage of pulse conditioning. The system. A I MW, 1,800 r/min, 60 Hz commercial alternator
capacitor is completely discharged within a few microseconds at the weighs about 7,000 lbs. Design efforts with Army Research Lab
end of a 50 ms charge cycle (20 pulses/sec). After discharging, the (ARL), US Navy and industry experts in power conditioning
capacitor initially behaves much like a short circuit. The system's indicate that a 1 MW, high frequency to 60 Hz power conditioner
electrical performance was modeled, and alternator and TR would weigh about 3,000 lbs. The Navy, in particular, has looked
reactance was designed to prevent excessive currents during the extensively at power frequency conversion for multi-megawatt ship
early portion of the charge cycle. Reactance acts to limit surge electric drive applications.
currents. Conversely, the reactance was chosen to also assure full
charging to the desired 100 kV d.c. peak at the end of the charge Table 1. below illustrates the potential weight savings for a
cycle. See Ejg..L for a graph of the waveforms during the capacitor 1 MW tactical power system using power conditioning to produce
charging cycle. 60 Hz. The Army T-700 turbine was selected as the baseline

engine.
(FIG. 1) Table I.

CAPACITOR CHARGE CYCLE Componem ights (Ibs)
AVERAGE POWER 1 MW Component Traditional AdvancedDesign Design

Voltage (kV) and Current (amps) Power (MW) Engine 500 500
100 -- ,, . .-. . .- ------- 2 Gearbox a00 -(a)SSwitchgear 

750 (b)

80 1.6 Commercial 60 Hz Alternator 7000 -

60 1.2 HSHF Alternator (c) -- 500

Power Conditioniny, to Produce - 3000
40 - 0.8 60 Hz

Cooling for Alternator and Power -1 1000
Conditioning

20D -............. CURReNT 0.4 Trailer 6000 6000

03 O Signature Suppressed Housing, 6000 6000
0 5 10 15 20 25 30 35 40 45 50 Inlet & Exhaust Ducting, Frame

and Miscellaneous
Time (ms) Total 21,050 17,000

Voltage (kV) + Power (MW) Xi Current (amps) (a) A gearbox is not needed because the HSHF alternator is

directly driven by the engine

Analysis indicated that peak power flow into the capacitor (b) The power conditioning would also act as the switchgear
occurs about midway through the charge cycle. The varying power and incoprate fault protection features
flow gives rise to cyclic mechanical and electric stresses. The (c) A baseline T-700 speed of 20.000 r/min coupled with an 8
components were designed to withstand these stresses. [51 161 pole alternator produces an output frequency of 1.333 Hz
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In addition to the weight savings illustrated in Table 1., the For special purpose loads where a particular frequency is not
power conditioning allows the engine to run at its most fuel efficient required, the power conditioning could simply be dispensed with.
speed for various loads while still producing 60 Hz (similar to a An appropriate TR unit would then be integrated to provide the
Variable Speed, Constant Frequency (VSCF) system). Over the desired d.c voltage and current.
long term, fuel costs can become the dominant cost for gen-set
operation. The VSCF feature can help to reduce fuel costs. CONCLUSIONS

The alternator can be a wound field design which would
offer active output voltage control or a permanent magnet (PM) Well developed designs and developmental components exist
design which would be simpler and lighter weight. The power for fabrication of very lightweight prime power systems suitable for
conditioning circuit could provide VSCF and constant voltage a wide range of mobile, tactical pulsed applications. Standard and
operation with a PM alternator (perhaps at a smaller speed range non-standard interface frequencies and voltages can be
when compared to using a wound field alternator), accommodated. Advances in engines, alternators, materials and

power switch technologies will allow for continued increases in
The power conditioning design selected uses a 3-phase power density for special purpose and MIL-STD type prime power

rectifier, d.c. link and Pulse Width Modulation (PWM) to synthesize systems.
a 60 Hz output waveform (400 Hz output is also possible).
Depending on the voltage, Integrated Gate Bi-polar Transistors REFERENCES
(IGBTs) or Gate Turn-off Thyristors (GTOs) can be used for the
power switches. IGBTs are suited for lower voltage, high switching [1] "1,700 HP Ram Air Turbine Engine, Preliminary Design
frequency designs and vice versa for GTOs. MOS Controlled Review and Data Package," 15 March 1989. Prepared by
Thyristor (MCT) switches, once they mature, may combine the Sundstrand Inc. under contract DAAK70-88-C-0052.
advantage of both high voltage and high switching frequency
operation with improved efficiency. Higher switching frequencies [21 "High Speed Generator Program, Preliminary Design
improve the control characteristics of the PWM circuit while Review," 21 March 1989. Prepared by EML Research Inc.
reducing output harmonic distortion, under contract DAAK70-88-C-0053.

Commercial 60 Hz alternator technology is relatively static 131 "High Speed Generator Program, Preliminary Design
while power switch technology is advancing rapidly with good Update," 17 April 1989. Prepared by EML Research Inc.
potential for further weight savings in the future. See E 2 for a under contract DAAK70-88-C-0053.
conceptual illustration of the power conditioning circuit.

141 "High Voltage TR Unit, Detailed Design Review," 18
POWER FREQUENCY CONVERSION October 1989. Prepared by Hughes Aircraft Inc. under
HIGH FREQUENCY TO 60 OR 400 Hz contract DAAK70-88-C-0054.

HIGH
FREQUENCY D.C LINK
ALTERNATOR - -151 "Development of a Compact 1 MW Average Power Source

,TU MIL-STO for HPM Applications" in Proceedings of the 5th High
LFILTER W OR 400 H. Power Microwave Conference, 1990.

301 [6] "Development of Lightweight Prime Power Source
CECTIFIER OL Components for Pulsed Applications" in Proceedings of the

AENATO FAULT8th National Conference on Pulse Power Technology, 1991.

CONTRO 9 7(FI;(FIG.L2
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VEHICULAR POWER GENERATION (IN-LINE)
K. Mike Miller

Power Generation and Environment Control Division
Command and Control Systems Integration, CECOM

Ft. Belvoir, Virginia 22060

INTRODUCTION

Electric Power plays an ever increasing Although adopting the VILPG concept
and important role on the modern battlefield, would greatly reduce the requirement for
Electric power is essential for operating, towed power units, it is not proposed as a
maintaining or repairing virtually all of the total replacement for them. In applications
systems presently fielded. Whether the for mobile systems which are required to
battlefield scenario calls for Command, relocate, reposition or otherwise move
Control and Communications operation, weapons frequently, the capability to use the
systems operation, countermeasure systems vehicle's engine to provide power can reduce
operation, or maintenance functions, a power the overall size, weight, and cost of the
source must be available to the soldier Army's electric power assets and improve
whenever and wherever it may be needed, operational effectiveness. In applications
Where the total energy requirements become where the power consumers deploy for periods
significant (more than a few kilowatt-hours), longer that a few hours, or where the carrier
an electric power generator is a necessity. unit needs to be independent from the system

being powered, towed power units provide a
The requirements placed on electric better solution.

power generating equipment are changing.
With increased CONUS basing of our troops, This paper examines the VILPG current
present and future military operations will and future design and logistic
require the ability to quickly transport considerations. The paper also outlines
power generation assets to military theaters. potential applications for VILPG technology.
This is a real and vital requirement that
implies that the size and weight of power WHY IN-LINE POWER GENERATION?
generation assets must continue to decrease
in order to ease the logistic burdens of When considering ways to provide
transporting these assets. tactical power to Army units, locating a

generator in the drive train of a tactical
The Power Generation and Environmental vehicle does not immediately come to mind.

Control Division of CECOM's Command Control The actual power requirement dictates the
Systems Integration Directorate has developed power generation solution. Depending on the
the Vehicle In-Line Power Generation (VILPG) type and amount of power required, different
concept as one solution to the Army's solutions exist.
requirement for mobile tactical power If the amount of power required by a
generation. The concept integrates an tactical system is less than 5 kW, a belt
electrical generator into the drive train of driven generator mounted on a vehicle's
a tactical vehicle by locating the generator engine would suffice. For power requirements
between the vehicle's engine and higher than this, problems appear with this
transmission. This concept has been approach. V-belt drives are limited in the
successfully demonstrated in a 2h ton amount of shaft power they can transmit, and
tactical truck. as the power requirement increases multiple

v-belts must be used. This necessitates the
use of matched v-belts, which are of the same

IN-LINE GENERATOR LAYOUT length. At any particular operating speed
2-1/2 TON TRUCK higher power demands require physically

larger and heavier generators which must be
held securely in place by brackets mounted on

CONTROLS ONERATOR the engine. The nature of tactical vehicle
GOVERNOR =operations takes them into off-road

ACTUTOR ENERTORsituations. The accelerations experienced
/TRANSMISSION during off-road operation easily lead to

iTRANSFER bracket failures due to the large mass which
S CASE must be supported.

Another possibility for producing power
would be to use the power take-off (PTO) port

/ • provided on large vehicle transmissions.
This would offer advantages such as the

{ / ability to disengage the generator when it is
not required. The problem associated with

UNCHANGED 254 this solution is the limited volume available

between the frame rails of tactical vehicles.
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PTOs are typically located at some fixed generator diameter of 20 inches. This
distance from the center line of the vehicle dimension figures prominently in providing
drive train. The maximum diameter of an structural stiffness of the generator case,
electrical machine which can be coupled to enabling the case to withstand the loads
the PTO will be limited due to a potential placed upon it.
interference problem which exists between the
generator and the vehicle frame rail or body. The shaft of the VILPG must be able to
In order to meet the power requirements of transmit all of the engine power to the
the system, the axial length of the generator transmission when the vehicle is being used
would have ti be increased to account for the in its normal transportation role. In most
small generator diameter. The maximum power instances, to produce 20 kW of electric power
capability of a generator is proportional to a standard generator would require no more
its volume. This would result in a design than 30 HP of input shaft power. The Stewart
which is hard to fabricate and which would be and Stevenson Medium Tactical Vehicle, an
susceptible to failures caused by vibrational VILPG candidate, can be equipped with an
resonance. engine rated up to 295 HP. This dictates an

obviously larger generator shaft than would
The maintenance and logistic problems be required in a standard configuration.

associated with these methods will be
eliminated by placing the generator directly The In-Line generator must maintain
between the engine and transmission. mechanical integrity over the full engine
Modifications to the drive train must be made operating speed range. This implies that the
to accommodate the increase in axial length generator must be capable of sustained rotor
that the In-Line generator introduces, but speeds up to 300% above the normal governed
the end result is a piece of electrical speed for electric power generation.
equipment which is transparent to the Typically 1200 or 1800 r/min is required for
operator when the vehicle is in motion and 60 Hz utility power applications. The normal
requires no maintenance to the rotating design criteria requires generators to
assembly. survive spinning at up to 125% of their rated

operational speed. The higher rotating speed
can be compensated for in the construction of

GENERATOR DESIGN the rotor with the addition of reinforcing
rings which help hold the rotor assembly

The proposed location of the generator together.
in a VILPG system poses design problems not
normally associated with tactical power The location of the VILPG, the underside
generators. Commercially available of a tactical vehicle, also requires some
generators are not usually constructed in a special design consideration. A 30 inch
way that would allow them to survive in a fording requirement dictates the generator
VILPG application. Ih designing an In-Line will be partially submerged at times, and
system the most important design thus must be water tight or must survive
consideration is that the introduction of the submersion without harmful effect on
generator must not compromise the operation, operability. The generator also has to be
reliability, availability or maintainability sealed against ingesting mud or dust kicked
of the host vehicle. In the event of a VILPG up by the vehicle's tires when moving.
failure the vehicle should still have the
ability to move itself and its occupants out
of harms way. This requirement is met by VILGP SYSTEM INTEGRATION
providing a robust mechanical design that
considers the total operating envelope for Integrating a generator into the
the vehicle performing any of its missions. driveline of a vehicle requires modification

of that driveline as well as the addition of
A very limited volume is available to other components. As in most integration

insert a generator into the drive train of a efforts, the size of the components dictate
tactical vehicle. This constraint limits the the difficulty in packaging the end product.
generator's physical size. Also, the vehicle For the Vehicle In-Line Power Generator, the
engine power and the RPM at which it is components list includes the generator, a
produced limits the generator's electrical governor and governor actuator, and a voltage
power capability. This is especially true regulator.
for missions which require the High Mobility
Multipurpose Wheeled Vehicle (HMMWV). The required drivetrain modifications to

the vehicle include altering the front and
The location of the generator in a VILPG rear drive shafts to account for the rearward

places demands on the generator case which relocation of the vehicle transmission and
are not seen in conventional applications, transfer case. Modifications to the vehicle
The movement and shock loading of the exhaust system and transmission linkages may
drivetrain while the host vehicle is also be required.
operating causes large torsional and bending
loads to be exerted upon the generator case. During the course of demonstrating the
The generator case must be capable of VILPG 2 k ton truck several questions
handling these loads. Interfacing with the concerning the concept have arisen. The
SAE bellhousing on large vehicles and the GM concerns center on the effect of the
bellhousing on HMMWVs allows the designer to generator on the vehicle, on the vehicle
maximize the generator diameter. For engine, and on a broader basis - the mission
instance, an SAE #2 bellhousing allows for a of the truck.
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Engine life can be estimated based on be moved by either air, ship, rail or truck.
the total amount of fuel the engine will
consume before a failure is expected. The A unit equipped with the Vehicle In-Line
higher the hourly fuel consumption rate, the Power Generator will be able to reduce the
shorter the engine life. The rationale is time required for mission ready operation
that if the engine is working hard it will once it has arrived at its destination. The
consume more fuel in a qiven amount of time VILPG equipped vehicle arrives at it
and wear out faster. The fuel consumption destination with its engine running and
rate of the concept demonstration vehicle is sufficiently warm to accept load. Preparing
approximately 25% of the amount the engine for operation only requires engagement of the
can consume, so no significant decrease in governor, connecting the cabling to the load,
engine life can be expected. closing the contactor, and operating at will.

In contrast, a towed power unit will arrive
Providing there is enough room in the cold and will require a start cycle and a

underside of a tactical vehicle to finite amount of time to sufficiently warm so
accommodate a VILPG no adverse conditions that it can accept load. A cold ambient
should arise from the installation. As condition exacerbates this situation.
discussed earlier, a design constraint for an
In-line generator involves the mechanical Logistics costs can be expected to
strength of the generator case and shaft. decrease as the number of tactical generators
liven that this constraint is met, the decrease. There will simply be less
failure rate of the electrical machine equipment that requires maintenance. The
portion of Military Standard family additional maintenance to be performed on
generators and the new Tactical Quiet vehicles equipped with a VILPG will be
Generators is approximately 30000 hours mean limited to more frequent oil changes for the
time between failure. If a failure were to vehicle engines. Other than the regular
occur in the controls portion of VILPG the maintenance on the vehicle engine and
host vehicle would still have the ability to batteries, the In-Line generator should be
operate normally. extremely low maintenance. This should

actually improve the utilization of vehicle
maintenance items as most fluids, for

BENEFITS example, are changed on an elapsed time basis
rather than solely on operating life

A vehicle equipped with a VILPG offers considerations.
several benefits to the Army. These include:
1. Increased mobility - limited only by the
vehicle's capabilities. 2. Improved
deployability - up to 90% net weight CONCLUSIONS
reduction and 100% towed volume elimination
compared to trailer mounted power sources. The introduction of new equipment into
3. Significantly faster time to operation - the Army is difficult task. The amount of
engine is already warmed and running when the testing required to verify the function and
operating locale is reached. 4. Lower reliability of new equipment is formidable
logistics costs - truck maintenance equates and expensive. In order to defray these
to generator set maintenance for the most costs all of the military services are
part. The actual amount saved would depend lookin- toward duel use technologies, items
on the application. or systems which can be utilized by both the

military and civilian sector. There are
Units equipped with VILPGs will have numerous civilian applications which require

increased mobility because of a decrease in electrical power at remote locations, from
the overall size and weight of the system. construction to oil exploration. The VILPG
For mission-critical operations which require concept would satisfy these applications
redundant power sources the Vehicle In-Line quite well.
Generator could function as either the
primary or secondary power source. This The mission envisioned for a VILPG
would not only eliminate the need for a equipped vehicle is one in which the vehicle
second towed power unit, but also the need carries a dedicated load. C%, military
for another truck to tow that power source. intelligence or contact maintenance functions

operating out of vehicle mounted shelters are
The 20 kW VILPG installed in the concept good examples of operations which require

demonstration vehicle added 520 pounds to the high mobility and readily available electric
weight of that vehicle without increasing the power. The VILPG provides more tactical
volume of the truck. A MIL-STD towed power capabilities while reducing the costs
unit of similar rating weighs 5000 pounds and associated with these capabilities. It is a
occupies 650 cubic feet. The reduction in concept which, when viewed with the entire
size and weight is a very substantial benefit Army in mind, offers a better overall system
when overseas deployments are considered, solution. Making the most of organizational
Displacing/replacing towed power units assets in times of shrinking budgets makes
reduces the amount of equipment which has to sense.
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Nickel-Metal Hydride Cell Development

Bill Hawkins
Advanced Systems Operation

Eagle-Picher Industries, Inc., Joplin, MO

Eagle-Picher Industries has been involved in
development of Hydride systems for approximately five
years. Both silver and nickel-hydride cells deliver higher
energy density, and greater cycle life than their nickel-
cadmium or silver-zinc counterparts, while being
environmentally benign. Cells, modules and batteries ranging
from nominal four to 255 Al- capacity have been built and
tested. These serve applications as diverse as vehicle
propulsion to remote location power back-up to satellite
power. This paper will stress hardware built and tested to
date.

Metal Hydride Alloys

Eagle-Picher is currently employing an AB5 metal
hydride alloy, co-designed with Rhone-Poulenc, the alloy Fig. 2
supplier. Electrode fabrication is accomplished by the
pressed-powder process. Sintering assist materials are
included in the powder blend, as are conductive binders. The
alloy of choice is conservatively designed, but tailored to
perform well across a wide temperature range, while
displaying a long useful life. Typical absorption-desorption
curves are shown by Fig. 1.

EPI NI-MA
PCI Curves "S Alloy

r ooo

€ 100

Fig. 3

0 05 1.

Hydrogen Content (wI%)

Fig. 1

Nickel-Metal Hydride Cell/Battery Design and Production

Positive electrodes used in the nickel system are the
plaque-type, and may be produced by either dry-sinter or
slurry type, activated by alcohol or aqueous electrochemical
impregnation technique. The separator is typically the
conventional non-woven absorbent. Nickel and silver-
hydride cells and batteries produced so far have been of the
prismatic configuration. (Fig. 2) The largest single number
of cells of one type include those supplied to Michigan State Fig. 4
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University. These cells were incorporated into modules for , "ft,-
vehicular power (hybrid electric) for the 1993 Ford Hybrid
Electric Vehicle Challenge held in Dearborn, MI, on June 1- -,

5. Another configuration which has been constructed for , do
vehicle applications is shown in Fig. 4 These are 6VDC 265
AH modules which were assembled into existing nickel-iron
packaging. Eagle-Picher has a long history of supplying
batteries for aerospace applications. Nickel-metal hydride

cells and batteries are being built currently for this usage.
One such battery is shown in Fig.5. Cells of this design have
ranged from 4-100 AH These cells are effectively sealed,
starved-electrolyte cells in stainless steel cases, using either
ceramic or Ziegler compression seals. They feature high-
pressure repetitively-operating relief valves as a precaution. A

The following table (Table 1) summarizes nickel-metal
hydride production to date.

Fig. 5

NICKEL HYDRIDE EI NM-M
10 Ah Cells

Coulanbic Efficiency

43 EA ................. 1.25 AH
52 EA ................... 4 AH ,94- /52E..................4AH)

262 EA .................. 10AH so

321 EA ................. 40 AH c
12 EA .................. 100AH U c84

6 EA .................. 180 AH so
3 EA (6 MODULES) ...... 255 AH 7674S. . . . . e 76

SILVER HYDRIDE 72 "
0 0 20 30 40 50 60 70

120 EA ................. 15 AH ,T" .C

Table I 
Fig.6

Nickel-Metal Hydride Activation and Testing results to comparable alkaline battery technology such as
nickel-cadmium and nickel-hydrogen. A 10 AH cell test

The activation of nickel-metal hydride cells employs group produced an average efficiency of 94% over the

specific conditioning cycles. Full hydride formation is temperature tange of 00C to 20 0C. The coulombic efficiency

established as the point at which coulombic efficiency was measured under two different charge conditions for

exceeds 95%. Fig. 6 illustrates the capacity spread achieved comparison of the rate dependence of the efficiency. All

on 310 RMH-40 cells following conditiong cycles. These discharges were performed at the C/2 rate (5.0 amp). A

310 cells are from two activation lots. Good cell performance coulombic efficiency of 86% was measured at 72'C as an

is reproducible. additional data point to determine temperature dependence.

Nickel-metal hydride cells exhibit excellent This data is presented graphically in fig. 6.

performance during rigorous testing. Cell specific-energy Charge and discharge voltage versus time for RMH- 10

(without optimized packaging) with the current hydride alloy and RMH-40 Ah cells for testing from -100C to 50'C is

is 60 Wh/kg. Using an improved alloy with other advanced shown in fig. 7,8,9, and 10. The cell performance is typical

cell components will increase cell specific-energy to more for nickel alkaline batteries. Charge voltage is slightly

than 80 Wh/kg. elevated at the colder temperature due to the increased

Coulombic efficiency testing provides a good impedance of the electrolyte and separator. Hydride electrode

measurement of electrochemical system reversibility, efficiency is also slightly reduced at the lower temperatures.

Coulombic effiency is defined as the ratio of amp-hours for The discharge voltage is slightly depressed for the same

cell charge (charge in) versus amp-hours of discharge reasons. Cell discharge capacity is essentially unaffected

returned (charge out). It also provides a good measure of over this temperature range.
electrode efficiency by establishing the level of overcharge As described earlier, Eagle-Picher has constructed

required for optimal cell operation. As shown in table 2, the several nickel-metal hydride 6 VDC batteries, packaged as

nickel-metal hydride system demonstrates equal or superior nickel-iron modules.
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.lm m--I The rate capability of the nickel-metal hydride cells is
10 A oi excellent with good voltage response and high coulombic

1.05 kSW Cq ,Ted efficiency. Table 3 summarized typical capacity results for
RMH-10 AH cells discharged at various rates ranging from

..................... C/2 to 2.5 C. This testing was done at 20°C on a full 20 cell
1.46. . ............ nickel-metal hydride battery. The data shows the average

. .coulombic efficiency as a function of discharge rate under
,.35 • constant current charging conditions. Efficiency varies from

1.5 97% at the C/2 rate to 88% at the 2.5 C rate. Cell discharge
capacity is nearly independent of discharge rate over this

1.15 range............ ....... I 24 0"

L2.....J -61424W C EMgl@-Fiche Nickel-HOWa iHy1d. 11194-46.: IA O18Chaig

0 0.5 1 15. 2 2.5 3
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Fig. 7
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1 0.95 I_ _o_

9 ~0. - - -aV Sr. Sw -,

t .•

085

0.75

.0...m"" Fig. 10

0.35 __________________________ 510 AiC

Ex IDm~ 1.0 OVW: 94.k•

0.45 ad. CA... t4 EPI ti.Nh
0.2 0.4 0.0 0.. 1 1,2 1 .4 1.6 1.8 2 2.2 Ouit"R O n

Thu. In Hmor
1.55

Fig. 81 I

2" ý .............................................. Ef cipency

10.25

0.15

bgb.POoh MsslU.a Hyid:R40 V

10.5

"•"~.0 10°C Chg 3.5A3. Hrsr1.2 94%
1- 0F C: 111

0.45 hg %R.0A C to 0. 92% I (

10o 0h.35/.2 04s 01OS 1 1.2 1416 4S2% .

Fig. ~ ~ ~ ~ ~ ~~ Fg 911C h. .A32Hs. 1. 5

10C: Chg. 5. 1A/3.2 Hrs. 11.2 94%

l0*C: Chg. 5.I1A/ 2 Hrs. 10.2 97%
Charge retention data for Eagle-Picher nickel-metal 20*C: Chg. 5.1A/ 2 Hrs. 10.2 96%

hydride cells is illustrated in fig. 11. The cell was operated at
10'C with both discharges performed at the C/2 rate. The SUMMARY OF EFFICIENCY PERFORMANCE
results show that 92% of the original cell capacity was RMH-10 CELLS

returned after a 72 hour open circuit stand. Table 2
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Test OesedcpliOn puity CoulomaAbi LaoCo•s,-0o-
S(Ah) E ficency . . . .......

20"C: Chg. 3.5A to 29.14 VDC, 10.51
Dischg. 5.OA to 20.0 VDC s

20"C: Chg. 3.5A to 29.14 VDC, 10.50 91.9%
Dischg. 20.OA to 20.0 VOC

20"C: Chg. 3.5A to 29.27 VDC, I 188%

Dischg. 25.OA to 20.0 VOC I I

SUMMARY OF BATTERY PERFORMANCE

Table 3 
03 6.

0.35

Life Testing of Nickel-Metal Hydride Cells 0 05

Fig. 14
A group of ten selected cells of 10 AH capacity was

cycled on LEO orbits at 45% depth. Testing was terminated Silver vs Nickel-Metal Hydride
at 4000 cycles, with cells maintaining 90% of original
capacity. Modeling routine have fixed the cycle life 16

probability of this cell design at 16,000 cycles, based upon 1 4 Both cels discharged at C14 Rate: 22 dog C

observed performance data. 12

io Ah.Cee 06

LNO Teac ls 04

1.6 102

0

1.5 0 50 100 150 200 250 300 350

Capacity ImAHig)

11.3 Fig. 15
Silver-Metal Hydride Cell/Battery Design and Testing

12C

1.1 -c•$I$A•] The Eagle-Picher silver-metal hydride cells are based
Dbf, 7.71A• upon existing silver-zinc technology. The silver electrode,

0 0.2 0.4 0.6 0 I 1.2 1A separator and activation techniques are the same. Replacing
Tm In Ham the zinc electrode with the metal hydride electrode will

Fig. 12 increase both the calendar life and cycle life of the silver-
metal hydride cells versus silver-zinc cells. Development of
the silver-metal hydride system is currently lagging behind

ea0pd ia, IeeS ItydGds: M*.,I0 Cb. ULfe aCS.P Ock the nickel system, but testing of early cells looks promising.
LEO cycWi o Cells were built into the same packaging as nickel-metal

-.... .. .. . hydride cells. This allows for direct comparison of specific-

'5 energy. Current 10 AH nickel-metal hydride cells built as
silver-metal hydride yield approximately 23 AH. This
corresponds to a conservative specific-energy of over 100
Wh/kg. Life testing of these cells is pending.

Fig. 15 shows a comparison of capacity versus cell
voltage for nickel-metal hydride and silver-metal hydride

2-, cells. The inherent higher energy density of the silver system
is evident.
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RECHARGEABLE OVONIC NICKEL METAL HYDRIDE BATTERIES
FOR CONSUMER, ELECTRIC VEHICLE AND MILITARY

APPLICATIONS

S VENKATESAN, M.A.FETCENKO, DA. CORRIGAN, P.R.GIFFORD, S.K.DHAR AND
S.R. OVSHINSKY

OVONIC BATTERY COMPANY,
1707 Northwood Drive,
TROY, MICHIGAN 48084

ABSTRACT small satellite applications. Recently
contract negotiations on

Ovonic Nickel Metal Hydride Phase II of this work have begun. Further
Batteries (Ni-MH) for consumer and EV work is continuing to increase the
applications have specific energies of 80 near-term energy density of the Ovonic
Wh/Kg and energy densities greater than Cells from 80 to 120 Wh/Kg and the long
200 Wh/l. The development of Ovonic EV term energy density on to 150 Wh/Kg.
batteries has been accelerated by the Introduction:
award of USABC contract in May 1992.
Presently Ovonic Ni-MH batteries are Historically, there has been a
being produced in various sizes ranging desire to standardize the power sources
from 1500 mAH AA size cells to 250 AH insire tomstandrrdizeotthapowerpsourceEV btteies.In his ape som ofthein the armed forces so that simplified
EV batteries. In this paper some of the inventory control and quick replacement islatest performance data is discussed and assured. Practically, this has proved
future trends projected. The USABC mid difficult to accomplish due to the variety
term goals have been met in prototype of power requirements different equipment
batteries and in the laboratory. Cycle life requires. If one battery system could
test is ongoing. become universal it would be extremely

Ovonic Cells have been subjected beneficial. The performance
to cycling (both charging and discharging) characteristics of the Ovonic Ni MH
at various temperatures from -20tC to rechargeable battery system promises
+700C. Between 80 and 85% of the such a possibility and has provoked
ambient temperature capacity has been renewed interest in standardizing power
realized at -20*C. The capacity of the cell sources. In this paper Ovonic nickel Metal
decreases by about 50% at 70°C. hydride battery's performance attributes
However, capacity returns to rated values are reviewed and future trends indicated.
at room temperatures. Ovonic cells have The Ovonic nickel metal hydride
achieved low self discharge rates, as low battery system has been in development
as 10% decrease in one month. This has since 1979. Although the concept of
been achieved by improvement of the combining a metal hydride electrode with a
metal hydride alloys, positive electrodes conventional nickel electrode to Produce a
and separators. viable rechargeable battery has been

Due to a high specific power over studied for over 30 years, identifying an
200 W/Kg, Ovonic EV cells also have acceptable metal hydride material was
delivered a high energy density under not easy. For a metal hydride to be
simulated driving profiles like the SFUDS effective as a negative electrode the
18-53 KWH packs have been built and following criteria have to be met.
tested in electric vehicles where vehicle * the metal hydride material should have
performance and increased range g.otheymetglnhydride materies: heprojections were verified, good hydrogen storage properties: the

material should preferably have greater
OBC Ni-MH modules and individual than I wt.%. hydrogen storage capacity

cells have been subjected to various * the thermodynamic properties of the
abuse tests with excellent results. These metal hydride material should be suitable
modules are expected to find uses in meveride aterial houd b the
military and space based applications, for reversible absorption.desorption: the
In 1992 OBC was awarded a Phase I SBIR
contract to work on the Ni/MH batteries for
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AH value should be about 8 - 10 2. Zirconium.
Kcals/mole good hydrogen storage

*. the metal hydride material should have ZrHi)

high oxidation resistance in alkaline excellent metallurgy

electrolytes so that it will be active even in passive oxide (ZrOg)

the oxidizing atmosphere in the cell 3. Titanium:
good hydrogen storage

*. the metal hydride material should have (TiHy)

high corrosion resistance but should not passive oxide (TiOH)

become totally passive
high A H

• the metal hydride material should have 4. Nickel
sufficient discharge kinetics: i.e, the no hydrogen storage
diffusion coefficient of hydrogen diffusion destabilizes AH
from the bulk to the surface should be high resistant to oxidation
and the material should possess sufficient catalyst for hydrogen
catalytic activity. oxydation
*. the metal hydride material should also

be capable of forming hydrides from 5. Chromium:
molecular hydrogen. This implies that it vanadium corrosion

should have good catalytic activity for the inhibitor

dissociation of hydrogen molecule so that
it can form atomic hydrogen which can In addition, small amounts of other
then be absorbed to form hydrides easily: elements are added to alter one or more
This property is needed to assure good properties such as high temperature/low
overdischarge protectiony temperature performance, self discharge,

rate capability etc. The uniqueness of

'.the metal hydride material should be these alloys rests in their disordered
easily manufacturable: it should be easily microstructures and the presence of

meltable, size reducible and electrode multiple phases. These different phases
formable in a relatively simple process. exist very close to each other. Some ofthese phases act as hydrogen storage

. the metal hydride material should not media and some act as hydrogen
have components that are expensive or oxidation catalysts, their close proximity

the processing should not be complicated assisting each other in the final

such that the production costs go up. Also performance (1- 4). The idea of material
the scrap and trim recycle capability modification originally proposed and
should exist to increase the material patented by ECD/OBC (1) is being
utilization efficiency, successfully applied to other metal hydride

systems by others in the field.
Ovonic Ni-MH technology consists During charging at the negative

of a family of proprietary alloys developed electrode atomic hydrogen discharged at
specifically for electrochemical the surface is absorbed by the negative
charging/discharging, which are combined electrode, forming the hydride. At the
with the conventional nickel /nickel same time the positive nickel electrode
hydroxide positive electrodes with gets converted from nickel hydroxide to
appropriate separators and aqueous nickel oxyhydroxide. However beyond a
potassium hydroxide electrolyte. The heart certain charge level oxygen starts
of the Ovonic technology lies in the ertaingcharge pevelectrtS
proprietary alloys developed for the evolving at the positive electrode. Sincepurpose of reversible electrochemical the OBC Ni-MH system has been
absorpton of revsotibe oel hyrohemical developed as a maintenance free system,
absorption and desorption of hydrogen. this oxygen evolved should be effectively
The principal components of Ovonic Metal removed to avoid undue pressure
hydride electrodes and their functions are development. This is performed by the
indicated below. recombination of oxygen at the negative

1. Vanadium: hydride electrode. Thus, there is a built-in
assures good hydrogen overcharge protection reaction. Similarly
storage (VHg) during overdischarge the positive
soluble oxide, porosity to electrode potentials are depressed so far
surface (VO,) negative that they start evolving hydrogen.
surfac A OHThis hydrogen is also effectively
high A H recombined at the negative electrode.

197



This is a unique feature that does not The performance characteristics of the

exist in nickel cadmium or other nickel Ovonic Cells are summarized below.

based systems. In these systems a small

amount of the negative active material 1. Specific energy : 80 Wh/Kg compared

(called the anti polar mass) is deliberately to 30 to 45 Wh/Kg for

added to the positive electrode to take the best lead acid and

care of a limited amount of overdischarge. nickel cadmium cells.

The reactions involved in an Ovonic

Ni/MH battery is shown in Fig. 1. 2. Energy density: >200 Wh/L compared
to 90 to 130 Wh/L for
the others

Energy Storage Reactions
3. Power. over 200 W/Kg at

50% Depth of
discharge

:. - : . f..•..i• :.• •\i•':Fig.(2,3,4,5,6)S• ..... . O.-.:.l1 :. •i•: • 4. Environmentally

Sfriendly: Recyclable, can be
disposed of in

Negative P;sit v landfills as non
hazardous waste by

Ov+ HO. e Charge OvH + OH" EPA standards (6,7)
OvH + OH

H), + OH NOOH + HO + e- 5. Cycle life: over 1000 cycles at
NiOgH e I100 % depth of

Overa Reacton: discharge (Fig.3, 4)
Charge

Ov + Ni(OH)2 Ghr OvH + M0011D+N) arge 6. No maintenance: Totally sealed

Figure 1 recombinant
technology

The Ovonic negative electrodes
materials are made today in 350 lb lots. In 7. Operating

view of their high hardness ( greater than Temperature: -20 OC to + 70'C

Rockwell C 60) these ingots are size 8. Fast charge: can be fast charged
reduced by a proprietary in 15 minutes to
hydriding/dehydriding technique followed 60% charge levels.
by a traditional mechanical grinding
operation. The powders are pressure
compacted in a roll mill onto a nickel
screen and sintered in a protected Derived Peak Power vs. Depth of Discharge
atmosphere. Present generation of Ovonic
negative materials have a specific capacity "
of about 400 mAhlg. In order to realize " .. ....... .

the full benefit of the negative electrodes it
is necessary to combine them with highly . ,
efficient and highly loaded positive
electrodes. OBC has optimized the . . . ....... ................
conventional chemically impregnated - w."g r .m

positive electrode. More recently it has , ..

also developed a pasted positive electrode
technology which has given energy a, ... .

density advantages and cost effectiveness.
The pasted positive electrode technology -.

involves pasting a slurry of nickel
hydroxide powder with additives and
binder(s) onto to a nickel foam /fiber matte,
drying and calendering. It is less labor ..

intensive, more reproducible and is light
weight. ", , ,,

0ooDth of Dlscharoo, % ••

pa m = 1 Pa.

Figure 2
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CAP*ACT(Ah)

After successfully developing the
technology for consumer batteries Ovonic

I A" Battery Company has licensed various
- •Development of the nickel metal hydride

.- E-.1 .z system for electric vehicle applications

.. -was started about 4 years ago. Today,

0 Too 200 400 -Xo %10 600 ;00 WO Soo 100.; prismatic Ovonic cells are produced from
25 Ah to 250 Ah without any tradeoffs in

C,,do,,,,,•d,0,,o 10 CA o o WO WDperformance. In addition to USABC, this

technology has been licensed to Hyundai
"Motor Company in Korea, Gold Peak
Industries in Hong Kong, and Sovlux in

Th h .Russia.
Oh.W LZA 1.~ 3.2 Ito

ii f.,Ifon-- Temperature performance of the

c Ni-MH batteries is excellent, capable of

•-.CEL:, Z, being charged and discharged from -200(C
___-- ________to above 700C. In military applications

i ,oo ZoO 500 '0 500 600 N0 this is a vital requirement as the military
...•lCs operations could take place in any part ofCret U•. uoorr C./3 to 115 Cha% r to IM0 ,aM (20%bl•GO

the globe and the equipment should be
operational under all conditions. The

Figure 3 capacity realized decreases slightly as the
temperature is increased and at 70PC
about 50 % of the capacity is realized.

Cycle Life of Ovonic AA-Size NiMH However once the cells are returned to
Cells with Pasted Positive Electrode room temperature full capacity is realized.

AA N1 - MH ( Fig. 7). It is well known in the nickel
C/2 to 105%, C/ to 100% electrode technology that at higher

).200 Ch: 5OOrnA for 2 ho••s. OCh: 5oomA to 0.9v temperatures the nickel positive electrode
charging efficiency decreases. If the same

1 000 fixed amount of charge is being put in, the

00•2 odecrease of charge efficiency will result in
lower charge acceptance and hence the

0.600. capacity output will also be lower. Similarly
0•400 at -2 0 0 C between 80 to 85 % of the

0200 .-- oCEL4 622 ambient temperature capacity is realized.
000 :-.CEL 62 The decrease in the cell capacity at lowerS--.CELL 9623

000 .CEL -L 0625 temperatures can be explained by the
0 400 00 1200 S 600 2000 increased polarization at lower

CYCLES

temperatures. As the cell reactions

Figure 4 indicate, one of the products of reaction is
water. If the water is produced inside the
pores locally it will reduce the
concentration of electrolyte causing the

Inc* electrolyte to freeze. This will result in
polarization. More work is being performed
to decrease this polarization.

[Lfe of OVONIC rMtRIDE CelO.
U.4MIn,0 ,,RGER The excellent power density of

"" ... Ovonic EV cells has been verified by

, .• .Argonne National Labs. data. (5). The

cycle life of the individual cells ,the
"-' modules and the pack have all been

excellent.

Figure 5
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OVONIC Ni-MH C Celli Disch;Mred @ C/5

The self discharge property of Cawpat Saw undr oV C Cyc*in

Ovonic cells has been considerably i, -.--.- .. ..
improved over the years. This has been ..
achieved by a host of changes introduced
in the materials and the technology- Fig. 8 0
shows that the self discharge improvement
has surpassed even the best nickel
cadmium cells. As little as 10 % °2-- ......
decrease in the capacity of the cell within a 0. .0 ,= 50 2W 2.50 300 350 4,00 40 Sao

month is achievable. CAAIYV
LO 3124 % IInL33 -% M1n31L

0 20-C 39049 to 300 ~ S t0 o 30 Z2 VThe Ovonic Metal Hydride 0 7.C 2,30 M 56 232,M 54 ,•2VCc
2 17643 45 3740M 45 123Vtechnology has no limitation in size or 4 M41 . .. ., .. ....

capacity. Cells ranging from button cells 1 42 ,, 3 , v6. [ 38M 35 1 37 Ah 35 11

to large prismatic cells have been built and 7 1..33. 34 1 3 ,22 V
tested. Similarly electric vehicle prototype 1 2 33 1 2, . ....351 2000t 32 32200 32 322.

modules have been built and tested for 10 20 , C ..4 . 3 23 .. 92 .2
cycle life under SFUDS mode. By 13 3.6700•"h 9 35SM90MM 92 , Z2 V

connecting several of the modules Figure 7

together, a pack is formed. Such packs
have been assembled and fitted in
vehicles and tested. Figs. 9 and 10 show presently possible with a battery pack that
some of these vehicles. In addition these is not any bigger than present ones. For
cells have been developed for NASA for example in desert combat conditions with
use in small satellites under an SBIR the Ovonic high energy density batteries it
contract award. Phase II of the contract is now possible to carry small power packs
has just been awarded. Fig. 11 shows a to power personal air cooling systems or in
typical performance profile for a 6.0 AH Arctic conditions personal heating
prismatic cell. The equivalent NilCd systems.
delivered 2.5 Ah.

Summary: Ovonic Nickel Metal Hydride
Ovonic nickel metal hydride cells in batteries for consumer, electric vehicle and

lab prototype stage have achieved over 86 military applications have been produced
Wh/Kg energy density and with successfully without sacrificing any of the
improvements in the positive active performance. They have been subjected
materials and the negative electrode to extensive in-house testing and by all the
materials it is expected to increase the licensees of Ovonic Battery Company as
energy density will be increased near term well as outside testing by agencies such
to 100 WH/Kg and eventually 150 Wh/Kg as the Argonne National Laboratory.
in a few years. This increased energy Presently electric vehicle power packs are
density will result in smaller packs to carry being successfully demonstrated in
out the same or more functions than several EVs.

OVONIC MI-MH C Cells Discharged Q C15 Rcferences:
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Electrochemical Studies on AB5 Metal Hydrides
B. V. Ratnakumar, S. Suranpudi, S. Di Stefano and G. Halpert
Jet Propulsion Laboratory, California Institute of Technology

4800, Oak Grove Dr., Pasadena, California 91109

Introduction are the effects of the La substituents on the electrochemical
characteristics of the alloy understood. In this work, a

The ability of certain intermetallic alloys to reversibly systematic study has been attempted to vary the misch metal
absorb significant amounts of hydrogen at low pressures composition, especially with respect to the ratio of La and
and high potentials is being exploited for several Ce, and to correlate their electrochemical behavior with
applications. In particular, the replacement of Cd in a Ni- their performance in alkaline rechargeable cells.
Cd cell with the metal hydride (MM-) anodes has resulted in
substantial gains in the specific energy, energy density, Experimental
cycle life and in the environmental compatibility. Also, the
Ni-MH cells have the advantages of sustaining high These alloys were supplied by Rhone-Poulenc Basic
discharge rates, fast charge rates and gas recombination Chemical Co. Out of the several alloys supplied,
processes during overcharge and overdischarge similar to representative samples were chosen that would vary
Ni-Cd. With the voltage and the charge methods also essentially in the misch metal composition (Table - 1) , with
being almost identical, the Ni-MH cells are expected to gain the transition metal composition (Ni sites) being
prominence over Ni-Cd in applications ranging from approximately similar.
portable electronic appliances to electric vehicles.

The as supplied alloys were pulverized by ball milling
Two classes of metal hydrides alloys based on rare earth and/or hydrogen absorption - desorption cycles. The MH
metals (AB5 )(1 ,2 ) and titanium (AB2)(3) are being currently powder (< 75 gX) was mixed with 20 w% Ni powder (INCO
developed at various laboratories. The AB 5 alloys are type 255, - 1 i;). Electrodes (1" x 1", -250 mAh) were
essentially based on LaNi5 with various substituents for La made from the mixture of MH and Ni powders and 5 w%
as well as Ni to stabilize the alloy during charge- discharge Teflon, by hot-pressing onto a Ni Exmet. Electrodes for the
cycling, by reducing the internal stress on hydrogen basic electrochemical studies were prepared by filling the
absorption and/or forming protective surface films. For cylindrical cavity in the BAS disk electrodes with the
example, the volume expansion is reduced by a partial mixture of electrode powders and Teflon, of equal quantities
substitution of Ni with Co and the interfacial properties in each case. This would ensure surface area, charge
improved with small amounts of Al or SiM). Sakai et al(4) density (mAh/cm 3) and porosity, thus permitting a
studied the ternary alloys with different ternary solutes comparison of different electrochemical parameters of the
including Mn, Cr, Al, Co and Cu. The cycle fife improves MH alloys. NiOOH electrodes from an aerospace Ni-Cd
upon the substitution of Ni with the ternary solute in the cell formed the counter electrode and a Hg/HgO served as
order Mn < Ni < Cu < Cr < Al < Co. A substitution of the the reference electrode. A three-electrode flooded cell with
rare earth metal site with Ti(5), Zr(6), or other lanthanides a Luggin capillary for the reference electrode was adopted
such as Nd(O) and Ce(7) render the formation of a protective for the basic electrochemical studies. A prismatic glass cell
surface film and enhance the cycle life. This eventually led with nylon (Pellon) separator was employed for the cycle
to the use of relatively inexpensive misch metal, Mm, a life studies. The electrolyte contained 31 w% KOH
naturally occurring mixture of rare earth metals (mainly La, solution. Electrochemical experiments were performed with
Ce, Pr and Nd) in place of La. The use of misch metal also 273 EG&G Potentiostat/Galvanostat interfaced with an
improved the durability of the alloy, as evident from the IBM-PC. Cycling of the cells was carried out with an in-
long cycle life as well as the quantitative estimates of the house automatic battery cycler at constant current (4
surface layers (La(OH) 3 and Mm(OH)3) on the cycled mA/cm 2 , C/5 rate) to -0.5 V vs. Hg/HgO during discharge
electrodes(2). The alloy formulations currently in use thus and to charge return of 120%.
contain (Mm)(Ni-Co-Mn-Ai) 5(s,9), often with other
transition metal additives, such as W and Mo. Results and Discussion

Despite the fact that the effect of the substitution of La with Cyclc Voltammetry: Cyclic voltammetry was carried out
Ce and Nd were studied independently, the optimum in the anodic range from the open circuit potential (-0.6 V
composition of the misch metal has not been reported. Nor vs. Hg1HgO) to 0.4 V vs. Hg/HgO on the virgin alloy, i.e.,
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before incorporating any hydrogen therein. This is expected respectively. The equilibrium electrode potentials are
to provide a comparative assessment of the susceptibility of related to the equilibrium hydrogen pressure, PH2 as
the alloys towards oxidation. The oxidation of the MH alloy E0 (vs. HgOIHg) = -0.9324 - 0.0291 ln(PH)
forming a passive surface fidm is one of the prominent The electrochemical (EC) isotherms during absorption (Fig.
modes of failure of the MH electrodes during charge- 2)are slightly different from the gas phase isotherms, i.e.,
discharge cycling(3). Such an oxidation is also responsible the inflection in the pressure at the end of absorption is
for a reduced cycle life in oxygenated environments during absent, possibly due to the cell internal pressures limited by
overcharge, though the MH alloy is expected to be the present design. The discharge isotherms, on the other
cathodically protected from oxidation. Also, the hand are much similar to the gas phase isotherms. The
voltammetric studies in the above window are relevant to absorption equilibrium pressure for the MH alloy decrease
the practical application i.e., during deep discharge, in the order 5978 (300 psig) > 6039 (60) > 6077 (40) >
especially when the MH becomes capacity-limiting. 6026, which is the same order for the variation of the

specific discharge capacity. Apparently, the equilibrium
The DC cyclic voltammetric curves of the MH electrodes pressure reflects the chargeability of the alloy under the
revealed no peaks corresponding to the oxidation of the present conditions. The discharge isotherms reveal the ease
major alloying elements, e.g., La, Ce, Ni, Co and Mn. This of oxidation of the alloys. The desorption equilibrium
is not surprising, since the reversible potentials of all the pressure is to be higher than 10-3 to facilitate desorption.
alloying elements (La : -2.9, Ce : -2.87 , Co : -0.73 V, Mn :
-1.55 V and Ni : -0.72 V vs. Hg/HgO) are negative to the DC Polarization Studies
open circuit potential, such that they would exist only in the
oxidized form, as evident from the AES studies on the alloy Often, the kinetics of hydrogen absorption / desorption are
surfaces(3). A deoxygenation of the electrolyte hasn't slowed down by the addition of (film-forming) substituents
altered the voltamnmograms, implying that the peaks are added to stabilize the alloy. In order to determine the
related to the hydroxyl ions instead to dissolved oxygen. effects of the substitution of La with Mm (especially Ce) on
All the MH alloys exhibited strong peak @ 0.4 V, which the discharge / charge kinetics, DC polarization
may be attributed to the oxygen evolution. Also, its experiments were carried out on the alloys and kinetic
conjugate reduction peak was also observed in the reverse parameters were evaluated therefrom. Micropolarization
scan. This points to a possibility of using the MH electrode and Tafel experiments were conducted separately on the
as the current collector for the oxygen reaction in alkaline alloys under potentiodynamic conditions at scan rates of
media, which may be exploited in the fields of rechargeable 0.02 mV/s and 0.5 mV/s, respectively. The scan rates were
metal - air cells or fuel cells. so chosen as to provide near- steady state conditions and

yet with minimal changes in the electrode state of charge or
Charge Discharge Behavior surface conditions.

Galvanostatic cathodic (charge) and anodic (discharge) The values of polarization resistance estimated from the
polarization curves were obtained at 17 and 57 mA/cm 2, slopes of micropolarization curves of different MH alloys
respectively. The electrodes were overcharged -400 mAh/g (Fig. 3) are fairly identical with a marginal decrease in the
to ensure complete hydriding of the MH alloy. The anodic order 5978 > 6025 > IBA 5 > 6077 > 6026 > 6039. The
polarization (discharge) curves (Fig. 1) reveal that the Tafel polarization curves (Fig. 4) also seem to be identical
discharge voltages decrease in the order 6025 > 6077 or for different MH alloys, except for slight differences. The
6026 > 6039 > IBA 5. The discharge specific capacity polarization curves were obtained from the anodic segment,
obtained under these conditions increases in the order to avoid potential fluctuations due to the hydrogen evolved
LaNi 5 < IBA 5 < 6039 < 6026 < 6025 (Fig. 7). This may on the electrode during reduction. The curves indicate
be a result of incomplete charging of some of the alloys due strong mass transfer effects at high currents. From the
to their high (> 1 atm) equilibrium pressure. Tafel plots, the overpotentials at any c.d. increase in the

order 6039 > 6026(6077) > 5978 >IBA5 > 6025. The
Electrochemical Isotherms exchange current densities from the Tafel plots are of the

order 10-3-10-2 A/cm 2 and the transfer coefficients are 0.12-

Electrochemical isotherms were generated for the MH 0.23. The cathodic Tafel segments often show two distinct
alloys from the equilibrium electrode potentials at various slopes (e.g., LaNi5 ), due to the occurrence of hydrogen
concentrations of hydrogen in the alloy (state of charge), evolution reaction.
after effecting absorption / desorption of known quantities
of hydrogen by constant current charging and discharging,
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Finally, the performance of the MH alloys during charge- to Dr. Bao-Min Ma of Rhone Poulenc Basic Chemical Co.,
discharge cycling was evaluated in 250 mAl, negative for providing the MH alloys.
limited, prismatic, laboratory test cells. Despite the fact
that the sealed cells are typically made in the positive - References
limited mode to permit overcharge mechanism, the present
cells were designed to understand the life-limiting 1. J.G.GWiWeumsPhi/ipsJ. Res. 39(Suppl. 1), 1 (1984);J.J. G.

mechanisms at the MH electrode. These cells were Wille and K. H. J. Buacow, J. Lea Common Metals, 129,13 (1987).
overcharged by 120% to ensure complete charging. 2. T. Sakai, K. Mu*, K MiWyanu, N. Kiyama and H. lahikawa, Proc.
Accordingly, the cycle lives under these conditions are SynW. Hydrogen Storage Materials: Bateries and Electroclemisry,

expected to be shorter than in the sealed configuration. Bcs Pro Vol. 92-5, p. 59 1992); T. Sakai, H. YosHinaga. I
Miyamnra and IH. Idikawa, J. AlUoys and ConWounds. 180, 37 (1992).

The cycle life of the cells containing different MH alloys are 3. S. R. Ovditf, M. A. F aetcne ad J. Ram, Science, 260, 176 (1993);
reported in Fig. 5. As may be expected there is a wide M. A. Fetceako, S. Venkatem and S. IL Ovhiiaky, Proc. SWp.
range in the cycle life; the shortest being for LaNi5 that has Hydrogen Storage Matermals : Batteries and Eecrocthemistry, M

poor chargeability and increases in the order 6039 < IBA 5 Proc. Vol. 92-5. p. 14 1 (1992).M. A. Fetcenko, S. Venkatean, K. C.

< 6077 < 6026 or 6025. In the course of the cycling the end Hong and B. Reichman, Power Sowmr, Vol. 12 p. 41 1 (1988).

of charge voltage shows a gradual increase, the voltage 4. T. Sakai, K. Ogmu, H. Miyanuza, N. Kwiyana, A. Kato and IL
decreasing once again in the above order. bbikawa, J. Les-Common Metals, 161,193 (1990).

5. T. Sakai, H. Miyanmma N. Kwiyama, A. Kaite K. Ogur and 11

Effect of Misch Metal Composition Iikawa, J. Less- Common Metals, 159,127 (1990).

6. T. Sakai, H. Miyanuwa, N. Kuriyuna, A. Kato, K. Ogwu and IL
The above cycling studies may be recast as in Fig. 6, to hhikawa, J. Eectrochem. Soc., 137, 795 (1990).
illustrate the effect of the misch metal composition on the 7. T. Sakai, T. Hazama, H. MNyamwa, N. Kwiyama, A. Kato and It
cycle life. As may be seen from the figure, the cycle life Ishikawa, J. Less- Common Metals, 172-174,1175 (1991).
improves upon substituting La with Ce, and tends to level 5. N. Fmukawaet al (Sanyo Electric Co.), Proc. IBA Meeting, Seatle, WA,

off around 30 mol % La and 50 mol % Ce. The initial oCr. 12-13 (1990).
capacity also seem to improve with an increase in a similar 9. I. Mammioto and A. Obta (lMatsWa, Japan), Proc. /A Meeting,
manner ratio. The kinetics of the hydriding are relatively Seatl, WA, OCW. 12-13 (1990).
unaffected by the substitution of La with Ce. The optimum
composition for the misch metal in the MH alloy would thus
contain around 30 mol % of La and 50 mol % of Ce with
the remainder being Nd and Pr..

Conclusions

Various electrochemical studies carried out on the MH
alloys revealed that the optimum composition for the misch
metal in the AB5 should contain 30 mol % of La and 55 Table -1: Composition of Rhone - Poulenc AB, MH Alloys
mol % of Ce (Nd and Pr being teh remainder) for the misch
metal to decrease the equilibrium pressure, improve the COMPOSITION (Mol %)
chargeability, and enhance the cycle life with no ill-effects ALLOY # La Ce Nd Pr Ni Co Mn Al
on the kinetics. The MH alloy eletrodes facilitate 5978 1 0 0 0 4.96 0 0 0
electrochemical reduction or evolution of oxygen which 6025 0.3 0.51 0.07 0.13 3.56 0.76 0.4 0.3

may be exploited in the fields of metal-air cells and fuel 6026 0.25 0.55 0.07 0.13 3.68 0.75 0.4 0.34
cells. 6039 0.64 0.25 0.04 0.08 3.51 0.77 0.4 0.31

Acknowledgments 6077 0.49 0.2 0.09 0.22 3.05 1.5 0 0.53
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Fig. I Discharge curves of 1) 5978, 2) 6025, 3)6026, 4) 6039,
5) 6077 and 6) IBA S MIH alloy disc electrodes in flooded glass Fig. 4: Tafel polarization curves of 1) S978, 2) 6025, 3) 6026

cell. and 4) 6039 MS alloys.
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Fig. 2: Electrochemical isotherms of 1) 6077, 2) 6039 and 3) Fig. 5 : Cycle life curves of 1) 5978,2) 6039,3) IBA 5, 4) 6077,
6026 MH alloys during hydrogen absorption (reduction). 5) 6026 and 6) 6025 MH alloys in -250 mAh, negative-linited

cells @ C/S charge and discharge.
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IIl
Fig. 3: Polarization resistances of MH al&oys estinmted from
DC micropolarizatlon esperiments.

Fig. 6 : illustration of the dependence of capacity retention

during charge-discharge cycling, on the musch metal
compouition.
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Calorimetric Evaluation of Commercial Ni/MH Cells

Eric C. Darcy
NASA-Johnson Space Cener, Houston, TX

Brent M. Hughes
Lockheed Engineering & Sciences Company, Houston, TX

Development mad integration of large capacity nickel/netal hydride Four cell batteries were cycled by a computer controlled automated
(Ni-MH) cells for manned spacecraft appliations requires accurately system designed in-house. A Mntosh fox uses LabVIEW
characterizing cell thermal behavior, identifying how it responds to software to send commands to two Nluke Data Acquisition Units and
various charge control schemes, and undermtading the phenomena a Kepco Programmer. The Fluke units in turn send a bit pattern to a
which alters it. The on-going effort includes a calorimetric evaluation relay controller which switchs the batteries from states of charge,
of various cormmercial cells with a compariso of several commercial discharge, and rest. The programmenr controls the mode and level of
charge control circuits with different charge termination techniques, the output of the Kepco bipolar power supplies, BOP 20-10M. For
The end objectives are to determine which cell designs are most example, during charge a constant voltage of II volts is supplied to
suitable for scale-up and to guide the design of future Space Shuttle the Benchmnarq charger by the power supply and during discharge
and Space Station based battery chargers. This paper discusses the this supply is used as a sink to discharge the batteries. Trickle charge
plan of the study and its recent findings. These findings come from a is typically controlled by the charger once charge has terminated, but
comparison of two Ni-MH cell types with a standard Ni-Cd cell our system allows the user to control trickle by using the power
while controlled by a constant current charger. supplies directly.

The on-going effort is studying the electrical and thermal The calorimetric evaluation is performed with one cell from a battery
performance of cells with the AB2 (Ovonic, Harding, and Gold residing in a measurement chamber of heat conduction calorimeter
Peak) and with the AB. (Sanyo, Toshiba, aid Furukawa) metal manufactured by Hart Scientific, Inc.
hydride formulations. In this paper, Sanyo's 4/3 A cell (2.3 Ah) is This calorimeter uses a twin cell approach to measuring heat which
compared to Ovonic's C-cell (3.25 Alh). Therefore, AB2 refers to an cancels out external heat effects.
alloy system based on V-Ti-Zr-Ni-Cr I, while AB, refers to a
system consisting of rare earth hydrogen absorbing alloys denoted as To date, a cycling comparison at a C rate for charge and dischrge
MmNi4 with inclusion of Ta, Zr, W and Mo 2. with Sanyo and Ovonic Ni-MH cells and the Sanyo Ni-Cd C-cell,

model #IN-2000CR, has been completed with the Benchmarq
The on-going experhimetation is evaluating the effectiveness of charger. The tests were done at room temperature with cells which
various commercial charging control circuits. We have focused on had been cycled less than a hundred times.
chargers from Benchmarq Electronics, Integrated Circuit Systems,
Inc., and Maxim Integrated Products because of their range of
operating features and different termination ad==. Typical single cycle profile of cell voltage, current, and cell heat rate

The Benc arq bq230 charger requires a constat volte supply to are shown in Figures 2-4 for each of the three cells. Note that the
ThBe bq23 chargeratconaacurrentItlusestwopma n t tor "Harding C-cell" reference in the figures is interchangeable with
charge at consm cubaedt. It uses two main charge termination Ovonic when referring to the C-cell since Harding is not its
algorithms. One based on a certain rise in bary t e (ATIA manufacturer only its distributor ding manufactures only themad the other on a negative battery voltage slope (-W/V/t). The AT/At smaller size cells with the Harding label. The Benchmarq charger
algoridun evaluates a rise in temperature using a thermistor voltage
measurement every 34 seconds and is based on a rise calculation MII cells prior to carg•epde tring. Ths limited the chwi input at
made every 68 seconds. The -WV/at algorithm operates at the same
frequency and ends charge when the battery voltage divided by the the C rate to no more than one hour. The cell heat profiles show a
number of cells in the battery is lower than the previously measured very pronounced spike just before charge termination. The Ovonic
value by 12 mV. As a back-up, the charger will also terminate when cell heated up earlier in charge than the Sanyo cell. In comparison,
detecting a threshold voltage, temperature, or time. the Ni-Cd cell stayed relatively cool until after 100% charge input (vs

nameplate capacity). This allowed the Benchmarq charger to detect
The Integrated Circuits Systems (ICS) 1702 charger can accept a the negative voltage slope to terminate charge.
constant voltage or current supply to control charge using a reverse
pulse charge sequence. Figure I shows a typical charpe waveformn Overall, the Ni-MH cells gde erated significly nmae o eat on charge
with a 1.076 second period consisting of 1.047 second constant then Ni-Cd cells due to the exothemic naur of loading the hydride
current charge pulse, a 4 ms rest, a 5 ms discharge uIlse typically se with hydrogen. Conversely, Ni-MH discharges are much cooler
to -2.5 times the level of the charge current, and a 20 ms rest during because of the endothermic nature of the hydride releasing hydrogen.
which the charger makes its voltage measurements. This "bup"
charge technique is supposed to prevent the accumulation of gas Table I conwares the electrical and thermal performance of each celL
bubbles on the cell electrode plates. The method has been shown Electrical criteria include percentage of discharge output bow on
effective with Ni-Cd cells I. The ICS charger uses seven charge nameplate capacity, Ah and Wh charge-to-discharge (C/0 ) ratios, and
tem.ination schemes, including a voltage inflection (aVat), negative specific energy. The thermal criteria include WhV C/O ratio and
voltage slope (-oV/at), maximum voltage, temperature slope (-Tf/ot), charge and discharge effiencies. Efficiencies are a measure of how
maximun teperature, and two charge tmers, much energy is dissipated as heat per electrical input or output and

are defined as (Wh - Wht )/Wh.
The Maxim 712 charger rquires a constant voltage supply to charge
at a constant curenmt Its termination methods include zero voltage The coupling with the Benclmarq charger yielded the most discharge
slope (oV/t = 0), maximum temperature, ad a timer. capacity with the Ni-Cd cells mid the lowest Alh C/ ratio with the
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Sanyo cell. The value of fthse two criteri are given u averages over
5 to 10 cycles while the Plu 1ame based on one reptsentaied cycle.
The Sanyo cell fired I -e than die Ovonic cell in all categories. The
electrical perfornance of die Sanyo Ni-MH cell is very similr to the
Ni-Cd cell except thie it yieldd a specific energy 46% higher. The
charg and discharge efficiencies are nearly identical but reversed
between the two.

Table 1. Comparison of electrical and thermal perforac ofcells
cycled with a Denclunarq Electronics bq2003 charger at C rate and at
room temperature.

Discharge 78 87 107
output M%
AhliODratio 1.23 1.08 1.15
Wh CD ratio 1.83 1.38 1.35
VAN CID ratio 2.68 2.10 0.96
Charge eff 0.63 0.77 0.85
Discharge eff 0.75 0.85 0.78
Specific energ 33.2 48.0 32.8
(Whkg)

Calorimetric analysis has shown to be an effective tool to evaluate
cell and charger performance. The Benchmarq is not as effective with
Ni-MH cells as with Ni-Cd cells. It does not allow for any
overcharge input into the Ni-MH cells and thus, subsequent
discharge capacities are less tha optimum. Continuation of thi on-
going effort will provide similacoprss of these and other cells
using the other charger mentiomned atvarying rates and temiperatures.

Bdwma
(1) Ovshinsky, S.R., Fetcenko, M.A., and Ross, J. (1993). A

Nickel Metal Hydride Battery for Electric Vehicles Sum
2K, pp. 176-181

(2) Tadokoro, M., Moriwaki, K., Nishijo, K., Nogami, M.,
Inoue, N., Chik~ano, Y., Kimoto, M., Ise, T., Maeda, R.,
Mizutaki, F., Takee, M., and Furukawa, N. (1992).
Development of Hydogen Abobig Alloys for Nickel Metal
Hydride Secondary Batteries. Eetohmcl&d

(3) Benjamin, F. (1977-). System for 20 minute Recharging of
Sealed Nickel-Cadnium, Batteries. 5h1rrE Jmama, Ifi, pp.
204-209
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DEVELOPMENT AND TESTING OF
SILVER-METAL HYDRIDE BATTERIES

D. X Coates, C. L. Fox and S. M. Lipka
Eagle-Picher Industie Inc. * Florida Atlantic Unive
Joplin, Missouri 64801 Boca Raton, Florida 33431

Abstrac

Silver-metal hydride is a new battery system under development for effect gives the electrode excellent discharge rate capability as well.
aerospace and possible commercial applications. The chemistry is AgMH provides an intermediate hybrid system between NiMH and
based on extensive experience with the silver-zinc, nickel-hydrogen AgZn. The disadvantages of the AgZn system include limited cycle
and nickel-metal hydride battery systems. Silver-metal hydride life, limited wet life and an ill-defined end-of-life failure, These
combines the high energy density of the silver electrode (compared limitations are primarily due to zinc migration or "shape change"
to the nickel electrode) with the longer cycle life of the hydride that occurs in the zinc electrode. Replacing the zinc electrode with
electrode (compared to the zinc electrode). Silver-metal hydride the more stable hydride electrode should significantly increase
batteries offer hermetically sealed, maintenance-free operation with battery life and perfornance.
improved cycle life over the silver-zinc system. Development work
is being done at the materials, electrode and full cell levels. Extensive development work is underway to characterize and
Prototype silver-metal hydride cells have been constructed and are optimize the AgMH battery system. Work is being done at the
being characterized by electrical testing, cycle life testing and by materials, electrode and full cell levels. Hydride electrode alloy
electrochemical impedance spectroscopy analysis. Improved formulation is a critical aspect of metal hydride battery performance
separator systems are being developed in order to mitigate silver and cycle life. Hydride electrode materials must be formulated and
migration and improve performance and cycle life. optimized specifically for the silver battery system. Silver electrodes

have many advantages over nickel electrodes. While the initial cost
Itoc1 of silver metal is higher than nickel metal, this is offset by the ease

of manufacture of the silver electrode as compared to the multi-stepSome previous work has been done on the silver-metal hydride processing required by nickel electrode manufacturing. Also, the(AgMH) system by Eagle-Picher'2 and in conjunction with Florida silver electrode doesn't require electrochemically inactive additives,
Atlantic University'. The precursor to AgMH batteries, silver-zinc such as nickel powder, to support the active material or increase
(AgZn) systems, have been used extensively in military and electrode conductivity. This results in superior energy density and
aerospace applications as both a primary and secondary battery efficiency of the silver electrode.
system'. Eagle-Picher Industries (EPI) has manufactured thousands Flooded electrode testing is being used in preliminary perfornce
of primary and secondary, manually activated and reserve AgZn and cycle life evaluations. Electrochemical impedance spectroscopy
batteries in many different designs and configurations for a wide and cle lf evaluations cherica ed ectros cepy
variety of military and aerospace applications. These include the is being used to evaluate and characterize electrodes and cell
Mercury, Gemini and Apollo manned spacecraft, the Lunar Rover, materials. Improved separator systems are being developed in order
Skylab and many assorted missile and weapons systems such as the to reduce silver migration and improve peformance and cycle life.
Patriot and Tomahawk Cruise missile. EPI AgZn batteries have also Basic system characteristics such as voltage output, gravimetric
powered many solar and electric race vehicles in events such as the energy density, volumetric energy density, rate capability and
GM Sunrayce, the Solar/Electric 300 and the World Solar charge retention are being determined. The AgMH battery has
Challenge in Australia. EPI has extensive experience and enormous potential as a rechargeable battery system and further
manufacturing capability in the production of silver electrodes and development is planned.
silver-based batteries. Silver-Metal Hydride Battery Chemistry

Currently, the nickel-metal hydride (NiWH) battery system is in full The silver electrode undergoes two distinct oxidation/reduction
development and initial commercial production. Significant reactions during charging and discharging of the battery. These
advances over the past few years in reversible hydrogen absorbing reactions are:
electrode materials have made hydride-based batteries both possible
and practical. The major limitation of the NMH battery is the 2AgO+H 20+2e- = Ag 2 O+20H- 1]
nickel electrode. One possible solution to significantly increase the
energy density of the battery is to replace the nickel electrode with A&0+1420+2e- 2A8+2O- [21
a higher energy density electrode such as silver. The silver electrode
has several advantages over other electrodes including the superior Both reactions are reversible and are written as reductions, which
conductivity of the silver material. As the silver electrode is corresponds to discharging the electrode. Equation (1] represents
discharging, silver-oxide is being reduced to silver metal, which the reduction of silver from the +2 oxidation state to the +1
decreases the impedance of the electrode. This continuous decrease oxidation state. This reaction occurs at a potential of 0.607 volts
of electrode impedance during discharge counteracts polarization versus the standard hydrogen electrode. The second reaction [2]
effects, resulting in a flat, uniform discharge voltage profile. This

209



oecs at a voltage of 0.342 volts. corrsponding to the reduction 0.90 OLVE4ETAt. HRI E
of silver +1 to silver metal. Equations [I] and [2] can be combined 0.10 CHARGE
into an overall reaction for the silver electrode: 0.70

AgO+H20+2e" = Ag+20H- [31 0.0

The chemistry of the hydride electrode has been previously 0.50

discussed3. It can be considered as the alkaline hydrolysis of water N0.40
followed by the formation of a metallic hydride or as the .. 0
electrochemical formation of the metallic hydride in the solid phase
directly from the aqueous electrolyte. Regardless of mechanistic 0.20
considerations, the overall reaction at the hydride electrode can be 0.10 ROOM Te .
represented by Equation [4]:

0.00 . . . ' - - . ,,"

M'.,) + H20 + r = MH. + OW [4] 0 s 10 iS 20

where M represents a material capable of reversibly forming a TW (hours

metallic hydride and the lower case letter "x" is an integer (x-- Figure 1. Silver-metal hydride charge voltage versus time
1,2.3...) and represents some hydride state of the metal. The
reaction is reversible but is conventionally written as a reduction. 0.
Combining reactions [3] and [4] yields the overall silver-metal SLVE-METALH
hydride cell reaction that results from combining the silver and &00
hydride electrodes into a secondary alkaline battery. This is
represented by Equation [5]:

AgO + 2 IHx = Ag + 2 MHkx.i) + H20 [5]
0.20,

Reaction [5] represents the overall cell discharge reaction as
written. The charge reaction is the reverse. The relative effects of 0.10
the two major electrode reactions (Equations (2] and [3]) can
sometimes be observed in the silver battery as a dual plateau in the 1 2 3
charge and discharge voltage profile. . .10 033 C RATE ROOM TEMP.

Silver-Metal Hydride Cell Characterization 4oM

TUN (hui)
Figure I shows the charge voltage profile for an experimental
AgMH cell (silver versus a Hg/HgO reference electrode). The cell Figure 2. Silver metal-hydride discharge voltage versus time
uses standard production, sintered silver electrodes and an ABs
type hydride electrode. Standard AgZn type separator materials
were used, including a cellulosic silver migration barrier. The cell In general, the ohmic resistance of the AgMH cells increased with
was activated with 31% aqueous potassium hydroxide (KOH). The cycling. The increase in ohmic resistance may be attributed to the
cell was charged at a constant current 0.07 C rate at room electrolyte concentration changes (decrease in activity), drying out

temperature. The two-step reaction is dearly visible in the charge of the separator material and decreased conductivity of the sv
voltage versus time curve. The first plateau occurs at a voltage of migration barrier. At full charge (0% DOD), the impedance data

about 0.25 volts and corresponds to the oxidation of silver metal to indicates that the total cell impedance was very similar in behavior

the monovalent silver ion. The second plateau occurs at about 0.58 and magnitude to the impedance obtained for the individual silver

volts and corresponds to the further oxidation of silve to the +2 electrode. These data demonstrate that the overall impedance of the

oxidation state. The voltage increases to about 0.70 volts as the cell battery is dominated by the silver electrode.

is overcharged. The cell was subsequently discharged at the 0.33 C
rate. Impedance data, represented as a complex plane plot. for the full

n vFigure 2, the two-step reduction process is visible in the AgMH cell in 31 % KOH at 0% DOD is shown in Figure 3 for
discharge voltage profile. The first plateau occurs at about 0.48 vroscce.Tedt hw htcl meac a oeta
dilschargenvoltagedprofile The firecoplaeaunoccur at about 0.48 volcycles, increased after 50 cycles and then gradually decreased with
volts and the second at about 0.20 volts. Most of the cell capacity is additional cycling. This behavior could be explained by the longer
obtained at the lower voltage. Thesu se voltages are the potential of period of time required to fully condition or convert the silver into
the silver electrode measured relative to the Hg/HgO reference silver-oxides, thus utilizing most of the active material. The data at
electrode. The observed fill cell potential may vary somewhat 3 cycles was dominated primarily by silver metal not fully converted
depending upon the electrode spacing and the separator used. to its oxides thus yielding the observed lower impedance. On

Impedance measurements were conducted on AgMH cells as a further cycling, a greater majority of the silver active material was
function of state-of-chrge (SOC), cycle number and potassium- converted to oxides, which have greater resistivity. Additional
hydroxide (KOH) concentration (31, 38 and 45 %). Measurements cycling to 100, 150 and finally to 200 cycles resulted in a decrease
were made on both full and half cells (using a Hg/HgO reference in the active material surface area, trapping of oxygen and pore
electrode). Impedance measurements were made at 25 cycle filling, thus limiting the access of electrolyte to the active material.
intervals at full charge, 50% depth-of-discharge (DOD) and fl Again, a fraction of the active material from the fully discharged
discharge (500mV total cell voltage). Cycling was performed at the silver electrode may not have convened entirely to the oxides thus
0.6 C rate to 50% DOD with a 4 to 5% overcharge each cycle. causing a decrease in the total cell impedance.
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0.10o Silver-Metal Ly[drid Perffonm Sumary

----- CYCLES A sealed aerospace AM- cell was tested at a variety of charge
--W- 100CYCLES and discharge rates in order to fully characterize the cell. The cell

10- CYCLES was built in a standard prismatic configuration in a stainless steel

-- 0- CYCLS container. The cell was designed to be silver limited with a slight
excess of hydride electrode capacity. The cell was operated

E hermetically sealed with a preswre gauge attached to the fill tube.
o 0.05- The cell was vacuum activated with aerospace grade 35% aqueous
W KOIL A dual-layer separator system was used. Figure 5 shows the

cell constant current charge voltage versus the % theoretical
capacity for a variety of charge rates, ranging from 0.075 C to 2.0
C. The % theoretical capacity was calculated by multiplying the

Acharge time by the charge current and dividing by the cell
theoretical discharge capacity (based on the weight of silver
electrode active material in the cell) multiplied by 100%. This is a

0.00 convenient method of comparing voltage data obtained at different
0.00 0.05 0. 10 rates on the same x-axis scale. The cell was fully discharged at the

Z. ohm C/2 rate after each charge.
2,

Figure 3. Silver-metal hydride impedance data 2--W--omsc 0 2C -- A-.o-c a 2.OC --- i--.oc

At 100% DOD, both the silver and metal hydride electrode
impedance magnitudes were similar and contributed almost equally
to the total cell impedance. The data for the full cell at 100% DOD 17
in 3 1% KOH for various cycles are shown in Figure 4 as a complex V 1.7

plane impedance plot. In general, the impedance of the cell 0 1.e
increased with increasing cycles. Similar impedance behaviors have T 1.5
been presented by Kaiser' due to electrode pore filling and surface A
smoothing. A similar process may be occurring on the silver *1.4
electrode surface in which an increasing amount of poorly E 1.
conductive silver oxides are left unconverted to silver upon cycling. 1.3
Additional contributions to the increased cell impedance can result 1.2
from the metal hydride electrode which pulverizes and loses active AMBIENT TEMP
material; material normally available for hydrogen storage. 1.1 35% KOH

0.6-
0 20 40 60 80 100 120 140

% THEO CAPACITY
0.5-

Figure 5. AgMH cell voltage at different charge rates

0.4- There is the usual impedance effect of increased charge voltage at
E -higher charge rates. This amounts to a plateau voltage difference of

"about 75 millivolts over the total range of charging current used.
0.3 / -" The transition points between voltage plateaus changes

/-,, considerably at different charge rates. For example, the transition

0.2 / from the initial charge plateau to the second plateau occurs at about
;/ / 50% SOC at the lowest charge rate (0.075 C). This transition point

." ........ IYCLES decreases to about 25% SOC at the highest charge rate (2.0 C).
1 .... ,LE Similarly, the transition from the second charge plateau into

. .- ,Y-LE, overcharge occurs at 120% SOC at a charge rate of 0.075 C and
2 ,CYCLES occurs at about 95% SOC at the 2.0 C rate. The cell voltage in

0.0 4 1 overcharge also shows a larger voltage increase than the lower
0.() 0. 1 0.2 (0.3 (0.4 ((.5 0.6 plateaus. Cell overcharge voltage is about 1.55 volts at the 0.075 C

/'. ,h,,l rate and increases to about 1.8 volts at the 2.0 C rate.

Figure 4. Silver-metal hydride impedance vs. cycling
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Figure 6 shows the constant corent discharge voltage versus % IR

theoretical capacity for the -m cell at a variety of discharge rates. SEALED Ag4 CELL

The charge prior to each discharge was done at the 0.10 C rate to ROOM TEP.
eliminate any efcs of charging at difnm t rates. The cell was
discharged at rates ranging from 0.25 C up to 10.0 C, based on the
cell theoretical capacity. The cell was operated hermetically sealed AM.

throughout this testing. The cell delivered more than 120% ofthe .. .

calculated theoretical capacity at low rates Cell discharge capacity F
was still well above theoretical up to the 5.0 C rate but dropped to O..

90% of theoretical at the 10.0 C rate. Some residual upper voltage , .. *.

plateau is observed at the lower rates, but this completely an OI.C. VOLTA

disappears above the 3.0 C rate. A single discharge voltage plateau --.-- R OF

is normally observed in sealed ASMH cells. At normal discharge IHEO. CAP.

rates (around C/2) this corresponds to a discharge plateau slightly O - , .

above 1.0 volt. 0 2 4 a a 10 12

macswAMERATII ~c)
• O.M - -0.6 • -*.0 -3Lsoc- -WC--eo -- *-'---0.C

IA. Figure 7. Discharge voltage and cell capacity versus rate

V 12.•-• Conclusions

0

L I . Testing of prismatic aerospace silver metal hydride cells is stl
To.S. a. underway. The results to date are very promising. It is anticipated
A Q that the metal hydride chemistry will function well in aerospace

application, including the more demanding low-earth-orbit
&4: AMIEmissions. The system is ideal for the new generation of small
0.2 35% KOH •satellites being developed for communications, surveillance and

tactical satellite programs. Potential military applications include

o ------ 122 ~tactical electric vehicles, swimmer delivery vehicles, underwater
0 2O 40 so 0 too 12D 14o power systems, C41, communications equipment, GPS receivers, the

% THEO CAPACITY SOLDIER combat system, battle field computers and any man-

Figure 6. AgMH cell voltage at different discharge rates portable battery operated equipment. The system may also be useful
in premium commercial applications such as cellular telephones,
laptop computers and palmtop computers, whfre the increased

A large impedance effect is observed in the discharge voltages in energy density, and correspondingly longer run time, offsets the
Figure 6. The discharge plateau occurs at a cell voltage of 1.10 higher initial cost and relatively shorter cycle life of silver-based
volts at the 0.75 C rate and decreases to 0.80 volts at the 10.0 C batteries. The system promises excellent performance and cycle life
rate. This is a difference of 300 millivolts. This is at least partially at a reasonable cost, as compared to other aerospace systems.
due to the high ohmic impedance imposed by the use of a cellulosic
silver migration barrier. In these early prototype AgMH cells,
excessive layers of separator and migration barriers were used.
Based on subsequent experience and cell perfornmance, the
separator layers have been reduced, with a corresponding increase [1] Coates, D. Proc. 4th Inter. Rechg. Batt. Syrup., Deerfield

in performance. Separator system optimization remains to be one of Beach, Florida 1992.

the primary areas of continuing R&D. [2] Coates, D. Proc. 27th Intersoc. Ener. Cony. Eng. Conf., San
Diego, CA 1992.

Figure 7 shows the discharge rate relationship graphically. Cell mid- (3] Coates, D., GrindstAf B. and Lipka, S. Proc. 182nd
point discharge voltage (MPDV) s plotted as apfuction of n Electrochem. Soc., Toronto 1992.
constint ourrnt discharge rate (eiprested as a multiple of the [4] Jasinski, R. Hfigh Energy Batteries, Plenum Press, New York

1967.
capacity "C"). The discharge capacity is also plotted as a finction
of the discharge rate. Cell capacity is expressed as a fraction of the [5] Kaiser, H., Beccu, K.D. and Gutjahr, M.A. E)ectrocmica
cell theoretical capacity. The data shows that both the MPDV and Acta . 539(1976).
the cell capacity are linear as a function of discharge rate, over the
range of discharge rates investigated. These discharge rates range
from 0.25 C up to 10.0 C, which covers the range likely to be
encountered in normal cell operation. The MPDV line has a slope
of -0.030 with a correlation coefficient of -0.998, which indicates a
good fit of the data to a straight line. The fraction of theoretical
capacity data indicates the cell discharge capacity, expressed as a
fraction of theoretical, obtained at that discharge rate. These values
range from 1.22 theoretical at the 0.25 C rate down to 0.85
theoretical at the 10.0 C rate. The line has a negative slope of -
0.369 and a correlation coefficient of -0.993. The cell delivered
better than nameplate capacity up to the 5.0 C rate.
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SEALED BIPOLAR NICKEL-METAL HYDRIDE BATTERY

David E. Reisner and Martin Klein

Electro Energy Inc., Danbury, CT

Iduction and provide adequate interface contact. Hydride alloys must be
designed that ninimize overpresasre on charge. Finally, oxygen

"The rechargeable nickel-metal hydride (Ni-MH) battery must recombine at modest pressures
system is quickly gaining acceptance as a practical solution to a vast
array of battery exigencies. Its high energy density (E.D.), high Electro Energy, Inc., is developing a sealed bipolar Ni-MH
power density, long cycle life, and abuse tolerance are attractive battery that addresses these problems. The unit bipolar cell is shown
performance attributes that complement its safe and environmentally schematically in Fig. 1. It employs a proprietary 0.004" conductive
benign character [1,21. Voltage compatibility (1.2 V) allows for polymer film (0.26 (1-cm) that can be heat sealed about anode,
drop-in replacement of the installed base of Ni-Cd. separator/imsulator, and cathode. Both inorganic and organic

separators are being evaluated. The positive and negative electrodes
Electro Energy, Inc., is developing [3-i] a bipolar version of are of dimension 3" x 3" in the experimental cells constructed for the

Ni-MH that empowers the Ni-MH system with higher E.D.s and rate development activities. Measures have been taken to nimize
capabilities. It is anticipated that the high symmetry and simplicity contact resistance and provide an effective conduction path across
of the bipolar geometry will ease fabrication and lower production interfaces. Electrolyte is a conventional 300/6 KOH solution.
costs significantly. It is expected that this improved performance at
lower cost in an ecologically sound battery will have a profound
effect in the market place for both small and large batteries.

EEls innovative technology consists of two electrodes with a
separator/insulator sealed in a conductive polymer unit wafer cell
Typically, bipolar cells consist of a bipolar conductive plate centered
between anode and cathode. This strict definition follows when
individual wafer cells are stacked to form a bilayered bipolar plate.

Conventional Ni-.MH cylindrical cells, based primarily on AB5-type .

metal hydride alloys, have served commercial applications [91 such
as 3Cs devices (cellular phones, notebook computers, and

camcorders) since 1991. Use of round cells in prismatic battery
cases wastes more than 27% of available packing volume. Sony and cra

Panasonic have responded to this mismatch and both have now
introduced low-profile prismatic cells for domestic use.
Nevertheless, the volume taken up by collector grids, leads, tabs,
cell cases, and terminals renders such an approach less than optimal
in comparison to a bipolar geometry. The transverse flow of current nesgtive .. t--
across the plane of the electrode in the bipolar geometry enhances -- "i.to.
high rate performance by precluding current flow bottlenecks ela, --",*artor/inuauator

intrinsic to conventional designs&
Fig. 1. Dipolar Wafer Cell Concept

The future will undoubtedly witness the use of Ni-MH in
industrial applications, hybrid vehicles and EVs. However,
prosecution of the large-capacity battery marketplace will be
finsacially driven. At present, conventional Ni-MH spirally wound Provision has been made for venting, and will be described in
cylindrical cells cost approximately $1500/kWh. It is estimated [4] a later publication. These unit cells are series connected by stacking
that large prismatic Ni-MH batteries of conventional geometry them face to face for the desired voltage (see Fig. 2).
cannot be commercially produced for less than S300/kWh, rendering
them uncompetitive with lower performance technologies, even Pb- The prototype Ni-MH bipolar cell is based on a misch metal
acid. However, a cost reduction of $100/kWh would significantly (Mm) AB5 -type hydride alloy similar to the International Common
enhance the marketability of the attractive Ni-MH chemistry. EEl Samples [10,11,12]. Misch metal has been used as a low cost
believes that this reduction can be achieved through the combined substitute for lanthanum in the fundamental LaNi5 metal-hydride
use of plastic-bonded nickel electrodes with its proprietary bipolar alloy formulation which can store up to 6 hydrogens (i.e. LaNi5 H6 ).
battery concept [8]. Substitution of part of the Ni serves to stabilize the hydride materials

Ej**o by forming a protective surface oxide and reduces the equilibrium
hydrogen storage pressure.

The technical challenges to develop a bipolar configuration
in the Ni-MH system are formidable. Materials of construction are The alloy mNi3 .5 5Co0 .7 5Mno.4AL0. 3 is representative of
critical Specifically, four areas are paramount. The bipolar plate the materials used in the EEl cell Fig. 3 shows first cycle pressure-
must be electrically conductive, sealable, chemically stable in caustic, composition isotherms (PCI) at three temperatures of an EEl-
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Sealed cells have also been built with foam nickel electrodes.
X1.-tVW hý r 90 Extended cycle life has been achieved, at a 50% DOD, to more than

"& 2045 cycles (see Fig. 6).

Most recently, EEl has been actively engaged in
constructing multicell stacks. Initial studies have been done with
vented cells. Fig. 7 shows voltage profiles for a multicell stack of 5
cells (6.0 V) at cycle #125.

Cost

It is difficult enough to achieve acceptable performance
results from new battery technologies. It is indeed unusual to
provide this improved performance at reduced cost. Klein and

S..... ................. ....
Ci -4661

Fig. 2. Unit Cells for Multicell Stack 0 tos0 C - 6 hours Mnearmg •
a 10 PCo at n5C

proprietary formulation of an AB 5-type alloy [13]. A low plateau

pressure below one atmosphere is critical for large capacity cells. • to'

An equilibrium hydrogen pressure of I atm at 25 0 C corresponds to
3.6 H/f u. or 288 mAh/g metal-hydride alloy. C *

2 V 0*
Various kinds of nickel positive electrodes have been k

evaluated in wafer cells, including conventional sintered carbonyl
nickel, plastic bonded [14] and foam nickel (15] types. The final 10-' -.......
choice will be based not only on performance (E.D. and rate) but on Hydrogen Content (H/f.u)

future production cost considerations as well. Electrical contact is a ..... C

significant issue in electrode behavior. Both foam nickel and plastic- 1e .. I
bonded type electrodes have demonstrated extended cycle life (see E" -4661

b w 1050C-6 hours Annealing
blw lOe PCI at 45"C

It is anticipated that plastic bonded electrode technology will
have a significant effect on Ni-MH battery price reduction. Plate "

capacities are on the order of 5-6 Al/in3 or 200 mAh/in 2 based on • I0'

the thickness of plates employed. Foam nickel plaques are pressed a. * ... *. * *
at 8000 psig resulting in a loading level of approximately 1.6 g/cc

voids. Capacities are typically 5.5 Ah/im3. 2 10'

0 I 2 3 4 5 g
Initial studies were done with vented single cells. Cells were Hydrogen Content (H/f.u)

cycled eight times daily at a 0.75 C discharge rate at 1.0 A to a 1.0
V cutoff (66% DOD). A period of 63 days is required to achieve 10' ........ .

500 cycles. Signs of CO 2 contamination were evidenced through 105-46 6 hours Anneali 91 050 *C - 6hor nela-
some voltage decay. Replenishment with fresh electrolyte confirmed Ca
this. Fig. 4 shows data from a vented cell constructed with a foam
nickel plaque (Eltech) pasted with high density active material. * : * * "
Cycle life results are very encouraging. Charge/discharge cycles are o
shown as high as cycle # 2034. Even at 2000+ cycles, the discharge a.
characteristic still appears stable. The conductive partitions -
demonstrated excellent durability in the electrolyte without showing 0•

signs of increased contact resistance. 0

More recent studies have focused on the cycling of sealed . .. I • • ,,I . . . .. I .. .. I .. .

cells. A metal hydride alloy has been chosen with a low H2  ' 0 o 0 2 3 4 s s

equilibrium pressure. Fig. 5 shows a family of charge/discharge Hydrogen Content (H/f.u)
profiles to cycle # 1012 for a sealed cell employing a plastic-bonded
nickel electrode (3" x 3" x 0.035"). Measures have been taken to Fig. 3. Pressure Composition hotherms -
assure adequate recombination. A 2 hour cycle was chosen at a EEl Metal-Hydride Alloy
50% DOD.
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Cell #144 Salkind [4] modeled estimated production costs of materials on a 20
kWh Ni-MH battery comprised of 200 Ah cells based on the hydride

1.8- alloy MmNi3 .5 5Co0 .7 5Mn 0 .4AI0. 3 and a foam nickel positive.
A• a • A a Volume production costs of bulk finished materials were calculated

1.4 A at 1. 5 times raw metals costs. The total materials cost estimate was
12 a A _ $190/kWh, excluding labor, etc.

___Revising the cost of misch metal from S 10.5/kg to $5/kg [9],
0.e| Z reduces the estimate to $178/kWh. Replacing the foam nickel
0.6e electrode with a plastic bonded electrode comprised of graphite
0.4- ($1.50/lb) and PTFE ($10/Ib), flurther reduces the production cost to
0.2 F Cycle#10 A Cydle#1510 z Cycer#203 $138/kWh, a 22% cost reduction based on the PB electrode alone.

o _. ...................... Use of the bipolar configuration would further reduce materialscosts in the absence of grids, tabbing, leads, and terminals as well as

1A dchatre 1 iv, 50A chg 2 tw in the reduction of cell case hardware. Hardware cost reduction of
Fig. 4. EEl Bipolar Ni-MB Vented Cell 50% results in a total material cost of 130$/kWh. Anticipated

Charge/Discharge Characteristics production costs for a conventional foam nickel Ni-MH battery are
(Foam Nickel Positive) compared to a plastic bonded bipolar Ni-MH system in Fig. 8.

Finally, reduction in labor costs for the system are expected to have
a similar effect.

Cell #230
Sunmmary

Initial results for both vented and sealed wafer cells appear

1.5 very promising. Historically, the successfitl fabrication of sealed
bipolar batteries has been hampered by materials of construction.
The results shown above demonstrate that bipolar Ni-MH cells can

/' cyce be sealed and achieve excellent cycle life. Future studies will focus
Cycle #1012 Cycle #750 on developing sealed multicell stacks. These prototypes will be

0.5 tested to evaluate their feasibility for various device applications.
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RECHARGEABLE BIPOLAR LEADAFLUOROBORIC ACID BATTERY

Gerbard L. Holleck, Joba P. Hac•ey and Ernest A. Morin
EIC Laboratories, Iwnc

Norwood, Mmsachusetb 0206

Abstract ,,, CONTACT PLATE--,__
ACARBO-PLAST ELECTRCODE,

Progress in the development of rechargeable bipolar RBON
Pb/HBF,/PbO2 batteries is reported. High rate operation and excellent
low temperature performance delivering -60% of the room temper- B-, IPOLAR CARD
ature capacity at -50C have been demonstrated. At the present state/ PASTIC ELECTQOD(
of development gas management and capacity fading during extended SEPARATOR r_

cycling are the main limitations. .............
"NONd WOVEN FELT SPACER

Introd uction -C OT ACT PLAT E

For various airborne and/or space borne weapons systems the U.S.
Air Force requires power sources which can supply pulsed power at Figure 1. Schematic illustration of bipolar 3-cell Pb/HBF,'PbO 2
power densities greater than 50 kW/kg. The U.S. Air Force uses battery configurations.
batteries also on board of its aircraft to supply power forengine starting
and to support a variety of electronic functions. These batteries must could then be used as substrates for PbO2 and Pb. The battery stack
be able to operate in very cold weather down to -55*C. They must be illustrated in Figure lb consists of a repeating sequence of a
capable to deliver high power and in the context of the more electric graphite-filled polymer membrane, a porous polypropylene separator.
aircraft also high voltage. Available battery technology is clearly andagraphitefeltlayer. The graphite-filledpolymermembrane serves
power limited. Here, the newer high energy density battery systems as the substrate for the Pb electrode and as the current collector in the
offer no advantage over more well established batteries, for example, bipolar arrangement. The graphite felt provides a three-dimensional.
the lead acid systems (I). enhanced surface area substrate for the PbO2, which has the slower

kinetics of the two electrode materials. The pores also provide the
Lead/lead dioxide fluoroboric acid batteries are used by the space needed for the electrolyte.

military as an inexpensive reserve type primary battery in applications
requiring high discharge rates over a wide temperature range (e.g., In principle, the battery can be assembled by simply stacking the
proximity fuzes (2,3)). Beck (4,5) demonstrated that the system can individual components. The plastic bipolar substrates can be joined
be electricaily -echarged using graphite based electrode substrates. via a heat seal to a plastic gasket bridging the electrolyte space at the
Earlier work in our laboratory established the general feasibility of a periphery. Thus, an integral battery closure is achieved. The battery
secondary bipolar Pb/BF,/Pb02 battery for high pulsed power (6). is then activated through small openings by vacuum filling from a
The Pb electrode was particularly well behaved allowing extremely single electrolyte reservoir. In this discharged state, the battery
high discharge rates. The reduction of PbO2 is more complicated and generates no voltage and hence presents no high voltage pi oblems in
was performance limiting. In the present investigation we identified handling. This is in strong contrast to the difficulties encountered in
and quantified aspects of particular importance for the realization of activating other thin film bipolar arrays which may have voltages up
practical bipolar Pb/HBF,/PbO2 batteries including oxidation of to 200 V/cm. Upon charging, Pb and PbO2 are plated onto the sub-
cathode substrates, capacity fading upon cycling and gas accumulation strates and HBF, is generated in the electrolyte. The result is an active,
in the cells. multicell, bipolar battery generating about 1.6V per cell.

Battery Concept Experimental Procedures

To achieve high power densities, and to function effectively at Single cells and bipolar three-cell battery prototypes of the con-
low temperatures, an electrochemical couple, and the battery con- figuration shownin Figure I were evaluated in laboratory test fixtures.
structed from it, must satisfy the following requirements: A typical arrangement is shown in Figure 2. The electrochemical cell

was of circular geometry with an active electrode area of 5 cm 2. The
"* Rapid electrode kinetics without passivation electrolyte cavity was defined by a nonconducting rubber gasket and

contained various highly porous spacer components, e.g., carbon felt
"* Thin layer construction (Technimat 6100-100, Lydall Technical Papers), carbon cloth (Panex

PWB-6, Zoltek Corp.), nonwoven polypropylene mat (FS2107,
"* Highly conducting non-freezing electrolyte Freudenberg). The separator was a microporous wettable polypro-

pylene (Celgard 3401, Celanese) sandwiched between rubber gaskets.
"* Bipolar battery configuration As electrode substrates we used in all cases a highly conductive carbon

filled plastic film, based on a PVC copolymer, manufactured by James
The bipolar rechargeable PWMBF,/PbO 2 battery as schematically River Graphics. It was used as 0.005 and 0.010cm thick film and for

illustrated in Figure 1 satisfies all o' !hese conditions and has the the end electrodes also as laminate bonded to aluminum foil Thin
potential to achieve a power density of 100 kW/kg and an energy gold coatings were applied to the substrate either by dc magnetron
density of 30 Wh/kg in an optimized practical configuration. The sputtering or by electroplating (Orotemp 24, Technic, Inc.) Inter-
battery is unusual in that it uses two electrodes of the first kind. The mediate palladium layers were deposited from Pallaspeed DW
reaction product fordischarge of both electrodes is the same, Pb(BF) 2. (Technic, Inc.)
a highly soluble salt in the fluoroboric acid electrolyte. On charge,
Pb and PbO2 are plated back onto the substrates from the common The cells were activated by vacuum impregnation with electrolyte
electrolyte according to the following overall equation. through polyimid microtubing penetrating the rubber gasket. The

tubing was subsequently sealed with hot melt adhesive. The elec-
2Pb(BF4), -- Pb + PbQ, + 4HBF4  trolytes: 2M Pb(BF4) 2 1M HBF 4 and 3M Pb(BF4)2 IM HBF4 were

prepared from HBF, (48-50% solution, Spectrum) and Pb(BF4 )2 (50%
solution, Riedel-deHaers). The three molar electrolyte was obtained

The standard potential of the Pb/HBF/PbO2 couple is 1.59V with by water removal under reduced pressure. The cell and battery test
the PbO2 electrode 0.23V less positive than in sulfuric acid electro- procedure consisted primarily of galvanostatic cycling between set
lytes. The lower potential for PbO2 should allow the use of graphite voltage limits using an in-house built cycler and a multichannel data
as an electrode substrate which would be too readily oxidized in acquisition system (BT 8000). A summary of the cell construction
sulfuric acid. Graphite felt and a graphite-filled polymer membrane and operating variables is shown in Table 1.
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Figure 3. Solution conductivity as a function of temperature for
Figure 2. Experimental sest arrangement for Pb/HBF,/PbO2 cells and various electrolytes. Start of ice formation marked by arrows.batteries.

Table 1. Listing of Cell Construction and Operating Variables. Results and Discussio
Results

tnn PbCtrzg t.hgri: The typical charge-discharge behavior for a PbIHBF/PbO2 bat-
tery (configuration b in Fig. 1 with gold coated cathode) is illustrated

Carbon Elecu ode Slybstrate:Sheet, felt, cloth in Figure 4. The initial PbO2 formation occurred at a high overvoltage.
Electrode Spacitng. 0.07 to 0.15 cm During discharge some lower oxide remained at the cathode substrate

Electrode Surface: C, Au surface conditioning it favorably for the following charge which now
occurred at a lower potential (midcharge cell voltage -I.9V). This

Cell Configuration: Divided, undivided also completely eliminated oxygen evolution during charge if over-
Electrolyte Conc.: 2M Pb(BF4 )2 IM HBF4; 3M charge was avoided by charge termination below 2.3V. Some oxygen

Pb(BF4 )2 IM HFB, generation was, however, identified during discharge, especially
Electrolyte Additives: None, 0 to 10 mM Ni(NO3)2  during early cycles and after battery regeneration as can be seen in

Figures 4 and 5. In general, the gas was gradually consumed by dif-
Cell Onrating Parameters: fusion to and reacting at the lead anode. In this specific battery gas

consumption was particularly sluggish. Gas chromatographic analysis
Charge Mode: Galvanostatic, pulsed revealed -40% 02, 35% CO and -25% CO2 indicating carbon oxi-

Charge Current: 2 to 20 mA/cm2  dation. Low temperature performance was excellent as shown in
Figure 6. The capacity at 100 mA was about 60% and the cumulative

Charge Voltage Limit: 2.2 to 2.7V capacity 70% of that obtained at room temperature. During cycling
Discharge Current: 2 to 500 mA/cm2  we encountered a gradual decrease in capacity. The "lost" capacity
Discharge Rate: 1 to 200 C rate could be fully recovered during low rate discharge at about 0.7V. A

Open Circuit Stand: 0 to 90 h partial discharge continuation is shown in Figure 7. Following "re-
conditioning" via complete discharge the original battery performance

Temperature: 30 to -52°C was restored although the rate of capacity fade was somewhat
accelerated probably due to a degradation of the substrate surface

Monitored Test Parameters: quality by remaining reaction products.

Cell Voltage
Electrode Potentials 7 200
Cell Capacity
Cell Resistance
Gas Generation 150

Quantitative measurements of gas generation and consumption in 100
the hermetically sealed cell were achieved via a movable piston
coupled to a linear displacement transducer (24 DCDT-050, Hewlett 4

Packard) giving a resolution of-0.001 cm. W-s

Electrolyte conductivity was measured at 1000 Hz using a YSI
conductivity bridge (Model 3 1) and acommercial dip cell (YSI #344)). 0
A clear (unsilvered) dewar permitted temperature control and solution
observation to identify the onset of crystallization. Characteristic "50
results are summarized in Figure 3. With 7.5M HBF, and 3M Pb(BF,)2  1
IM HBF4. no phase separation was observed over the measured
temperature range. Ice crystallized from the other solutions starting 000___
at the indicated temperatures. In contrast the lead salt precipitated o 20 40 60 80 100 120 140 160 1o 200
from a four molar solution at about 10*C. t.n1

Figure 4. Charge/discharge cycle of battery A. Cycle 1, charge 100
mA for 0.1 s followed by 0.4 s rest, discharge 100 mA. a, battery
voltage; b, cell voltage; c, cell stack expansion (piston displacement).
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During this investigation we identified the following as critical
subject areas:

-.400 Materials stability
Gas generation and accumulation

>5.5 3 Capacity maintenance during cycling

Materials Stability: The main difficulty arose from the combi-5 nation of a high acid concentration (7M HBF4) and a very oxidizing
S45cathode environment in the cell. The carbon-plastic substrate was

oxidatively attacked at the cathode resulting in a highly resistiveS-250 interface layer leading to cell failure via excessive polarization. We
4- identified the formation of graphite oxide at the substrate surface as

5 the cause. In an effort to protect the substrate surface we found gold
Woo -to be stable in the electrolyte at the cathode potentials. Thin gold

coatings deposited onto the carbon plastic substrate greatly enhanced
3 150 cell performance but eventually failed due to electrolyte penetration

0 100 200 400 SO 600 700 WO OO 1000 between the metal and the carbon substrate. Further development
tmin resulted in a well performing stable bipolar carbon plastic electrode

substrate of which the cathode side was coated with a thin palladiumFigure 5. Voltage and displacement of battery A during a test sequence under layer and a gold overlayer.
following a complete discharge. Charge and discharge at 25 mA
separated by rest periods, cycles 51 to 55. Gas Generatmo and Acctmulation: L-, a hermetically sealed,

thin layer bipolar battery no gas accumulation can be tolerated. The
61• 4 corrosion rates of Pb and PbO2 in HBF4 are very low but gas would

be generated during overcharge of the cell. While 02 will react with
Pb the reaction of H2 and PbO2 is very slow. The conventional

5 -3.5 approach to assure 02 evolution only by state of charge adjustment
-- a cannot be used because both active materials are formed simulta-

1CAmA 25MA I mA n3 neously from the same electrolyte. However, since overvoltages for
4- H2 and 02 generation are high charge termination by cell voltage is

ý -2.5 > practical.

S3 More cumbersome was the generation of oxygen at the cathode
,2 during discharge. The amount and rate of gas generation was foundto depend on the discharge parameters and especially on cell history.

2- It was greatest at the beginning of cell life and after regeneration via
-1.5 full discharge. It decreased upon cell cycling. This gas generation

could be accommodated if sufficient time was allowed for diffusion
11 2 2 to and reaction at the anode. The use of dry separators to accelerate

gas transport is not applicable in the present system because capacity
and discharge performance are directly linked to the amount of

0 5 0°5 electrolyte. Furthermore, we found it necessary to insert a micropo-
tmin rous separator (e.g., wettable Celgard) to prevent soft shorting between

anode and cathode via Pb dendrites or colloidal lead oxides.
Figure 6. Discharge of battery A at -52°C. a, battery voltage; b, cell Substantial gas generation, e.g., by overcharge or continuous cycling
voltages, required an overnight rest period for gas consumption.

Carbon substrates at the cathode potential were slowly oxidized.
2.4 600 This resulted in the formation of CO and CO2 as gaseous species.

These gases will not be reduced and accumulate in a sealed system
2.2 gradually degrading its performance and limiting the useful life. Our

b. , .500 results suggest that the presence of CO inhibited also the reduction of
oxygen at the Pb electrode. While the oxygen liberated during dis-
charge was consumed on charge in the battery without exposed carbon

400 at the cathode it mostly accumulated in the battery with a carbon cloth
1.6- -substrate.

8 1.4- 30Capacity Maintenance during Cycling: During charge essen-
W 3 tially all ionic lead was converted to Pb and PbO2. Thus, the theoretical

1.2- .and maximum experimental charge capacity was directly proportional
200 to the Pb2e concentration in the electrolyte. The low rate charge

efficiency was near 100% in the 2M and only slightly less in the 3M
Pb(BF4)2 electrolyte.

0.6 During battery discharge we realized 60 to 80% of the charge
04 capacity. In subsequent cycles the charge capacity was only slightly

0.4 0 larger than the discharge capacity and in later cycles the charge in each
0 10 20 30 40 50 60 70 80 100 half cycle became nearly identical. The capacity generally decreased

tmin markedly upon continued cycling. Three main mechanisms have been

Figure 7. Cell voltage, a, and displacement, b, during continued identified as responsible for this effect: I) Electrode shape change, 2)
discharge of battery A, 10 mA, cycle 45. active material isolation, and 3) accumulation of PbO. intermediates.
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During cell cycling in vertical orientation, we observed the con- The electrode behavior could be explained via the formation of
centration of active material, both Pb and PbO2 towards the bottom of PbO, species similar to those discussed for Pb conversion by Dawson
the cell. This was caused by electrolyte convection due to density (7). These are, however, stable only at higher pH values and thus
gradients during plating and dissolution. In undivided cells this would would require large diffusional gradients or protective surface layers
invariably lead to cell failure via shorting. The phenomenon is similar which shielded the material from the high proton activity in the
to that encountered with Zn electrodes in alkaline electrolytes. This electrolyte. Within the scope of this program we have not been able
problem could be completely eliminated by horizontal orientation of to investigate these mechanistic aspects. If. as it appears, surface layers
the cell, the use of nonwoven absorber mats and a layer of microporous play a critical role, changes in electrolyte composition (e.g., impurities
separator between the anode and cathode compartments. or additives) may have a large effect in influencing these side reactions.

The only electrolyte additive used in our cell tests was Ni(NO,)2. It
Active material isolation occurred at the anode and cathode. Ile appeared to have a beneficial effect. Whether this was due to the NO;

former resulted from dendritic or highly porous Pb deposits, which, ion (the cathode kinetics is rapid in HNO 3) the NO3'/NO2 redox
especially during high rate discharge, dissolved preferentially close reaction or the incorporation of Ni into the PbO2 deposit (5) has not
to the substrate leaving islands of Pb deposits in the polypropylene been established.
absorber mat. Pulse charging and the use of three dimensional con-
ducting substrate matrices (e.g., carbon felt) minimized this effect. Conclusions
Charge termination prior to complete Pb2÷ ion depletion at the substrate
surface would also reduce dendritic deposits but is difficult to Our results demonstrate that the Ph-HBF,/PbO 2 system can be
implement in a practical battery without compromising energy den- operated as a secondary bipolar battery at relatively high rates (4 to
sity. 40 C). Low temperature performance was excellent delivering -60%

Active material isolation at the cathode was observed with carbon of the room temperature capacity at -52`C. At the present state of

substrates due to substrate oxidation and formation of highly resistive development gas management and capacity fade during cycling are

graphite oxide at the substrate-PbO 2 interface. We solved this problem the main limitations. They need to be addressed before practically

by protecting the carbon-plastic substrate surface with a thin coating attractive bipolar batteries can be constructed.

of Pd and Au. Within our test experience this modified substrate was Acknowledgement
found to be completely stable in the cell environment.
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ABSTRACT

The Bipolar Lead/Acid battery currently under development by
Johnson Controls Battery Group, Inc. (JCBGI) is ideally suited
for high power, high voltage applications were mass and
volume are constrained. The lead/acid battery is an attractive
candidate for a bipolar design because of its high power

capabilities, well-known chemistry, good thermal
characteristics, and widespread manufacturing base. The .,,,,

battery currently being developed is projected to provide a 70-
90% reduction in mass and volume over conventional lead/acid
batteries and a 30-50% savings over JCBGI's earlier bipolar
designs. This development program is currently being funded The results of the bipolar advantage can be found in

by Wright Laboratories through the More Electric Aircraft Figure 2. This compares actual discharge discharge data from a

Initiative. Recent progress in the areas of composite bipolar quasi bipolar battery and a leading high performance

substrate development, battery design, and battery performance monopolar lead acid battery at the I amp/cm2 discharge rate.

will be discussed. Figure 2

INTRODUCTION ,.

The typical lead/acid cell is usually built in a monopolar - -.

configuration with number of electrodes connected in parallel. .
Within the parallel grouping each individual electrode faces at
least one plate of opposite polarity. Three or more of these .
cells are connected in series to achieve nominal outputs of 6
volts or higher. A bipolar battery differs from the monopolar

in that each electrode is made of a positive and negative surface The bipolar design is novel for leadjacid batteries. A

mounted back to back on a conductive interface. Between lead/acid battery with a laminated lead conductive plastic

electrodes are placed a glass mat separator. The advantage to electrode core was first disclosed by JCBGI as early as 1976.

the bipolar design is the shorter, more uniform current path Investigations into this technology continued at a low effort

which reduces internal resistance and greatly improves the until 1988 when JCBGI was awarded a contract with Jet

power capabilities of the battery. (Figure 1) Propulsion Laboratories through Wright Laboratories to
develop a bipolar lead/acid battery. This contract was followed

Figure 1 by a DoD contract with JCBGI developing a 430 volt quasi
bipolar battery system for the Army that is capable of
providing over 100 MegaJoules of energy in the customer

specified pulse discharge profile. In September of 1991,

JCBGI began second program with Wright Laboratories of 36
months in length, to develop a true bipolar battery for the More
Electric Aircraft Technology (BMET) initiative. This program
is targeted at introducing the next generation of bipolar
lead/acid batteries in September of 1994.

The bipolar lead/acid battery is based on conventional
active materials and lead/acid chemistry. The active materials

are PbO2 at the positive electrode and porous Pb at the
negative. The two electrode materials are applied on either
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side of a conductive substrate and oppose each other across a By developing a true bipolar substrate, the failure mode
sewarator. Both electrodes, and the separator in between them, which caused cycle life problems with the quasi design(ie-grid
are nearly saturated with sulfuric acid. The battery corrosion) has been removed. The true bipolar design also
incorporates a gas recombinant design where, under normal offers to be much more manufacturable than the quasi design.
operating conditions any gas produced in the cell recombines to
form water. This eliminates the need for any water addition or JCBGI is currently working with Wright Laboratories on
battery maintenance. The battery can be designed to include a a 36 month contract focussed on developing the true bipolar

safety vent that will release excessive gas build up in case of substrate. Work to date has been very promising. Materials
misuse. have been identified and proven to be stable in small scale

compounding trials. Battery testing results have also been

Presently, JCBGI has two different bipolar designs under extremely encouraging. Initial work was concentrated on

development. The first design is based on electrodes that fre different manufacturing and compounding techniques which

made conductive by electrically connecting, through the will improve the reliability of the substrate material.

substrate, the lead grids on either side of the substrate. These Optimized compounding parameters will lead to common

electrodes are called "quasi-bipolar" to differentiate them from manufacturing techniques such as extrusion and injection

a substrate that itself is electrically conducting which is called molding. Recent work has been focussed on battery fabrcation
"true bipolar".(Figure 3) The quasi bipolar electrode was and testing.

designed when a suitable true bipolar substrate could not be
developed in the timeframe of the initial contract with JPL. SUBSTRATE FABRICATION TECHNIQUES
The quasi bipolar design has allowed JCBGI to push forward
the technology of bipolar battery development and The focus of JCBGI's work has been on producing a
manufacturing without a true bipolar substrate. While polymer based bipolar substrate. Resins investigated include
showing obvious power, volume, and weight advantages over LDPE, LLDPE, HDPE, Kynar, and PTFE. Initially these
monopolar lead acid batteries, manufacturing and cycle life materials were compounded by hand in small batches using a
problems limit the future of quasi bipolar batteries for use in mortar and pestle. This process was very limited in batch size
many applications, and caused a large degree of variability from trial to trial. The

high loading levels needed by some conductive fillers (70-85%
Figure 3 by weight) to make the material conductive dictate that special

eOLp COWr.EPTcoUNSo equipment is needed to process the material. JCBGI has been
using a twin screw extruder to perform the compounding.

QUASI BIPOL.AR PL.ATE

I m J JCBGI began its development using LDPE. The plastic
,--.w ,is purchased in powder form which results in a much more

--- -- ,-uniform dispersion of the filler material and helps eliminate
porosity. JCBGI's approach in developing processing

T4 I BIPOLAR P=LAT parameters was to first prove the stability of the conductive
filler, second to optimize part conductivity and eliminate part

__J .porosity, and third to reduce part thickness from around 0.070"
to 0.015". To prove the stability of the filler, test parts were

M C . hand compounded at loading levels of 70-80% by weight, and
compression molded to a thickness of 0.070" and stability

The key to producing a true bipolar battery is the tested. After a series of successful tests, no change in
development of a conductive substrate that can withstand the resistivity after 4 to 30+ days while maintaining a positive
rigors of a lead/acid system. The essential function of the potential of 1.5 volts, the emphasis changed towards making
substrate is to provide electronic conduction between the two the parts thinner, and more conductive.
active materials on each side of the substrate, without
permitting ionic conduction, which would short out the cell. Because the properties of the filler dictate a loading level
The substrate requires not only low resistance, but also of 70-85% by weight is needed to result in part conductivity
chemical stability in sulfuric acid and electrochemical stability high enough for use in a battery, JCBGI began investigating
at both the positive and negative half-cell potentials. The additives that would improve the physical properties of the
substrate also must be manufacturable and relatively substrate. A number of different additives were thoroughly
inexpensive to produce. The substrate requirements are investigated and only coupling agents were found to provide
summarized below: any real advantage. The others while improving part

conductivity, caused additional problems with part porosity.
1. Highly Conductive
2. Chemical insolubility in sulfuric acid and in the A series of trials were conducted to optimize the loading

potential windows of both electrodes, level and addition method of the coupling agent. Four different
3. High oxygen and hydrogen overpotentials in sulfuric coupling agents were attempted. The coupling agents are used

acid. in small quantities, 0.01-1.00% by weight, of the filler. They
4. Inertness to the electrode reactions. are designed to bond between the filler and the base resin. The
5. Impervious to penetration of the acid electrolyte, coupling agent improved part conductivity and reduced part
6. Ease of manufacturing and cell to cell sealing, porosity at levels between 0.35%-1.00%. At levels higher than
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1.00%, the additional material did not offer any improvement STABILITY TESTING
over the 1.00% level. It was also found that the order of
addition was critical to the performance of the material. It was Stability testing of a bipolar substrate and/or conductive
much more effective to blend the coupling agent with the fillers has been developed at JCBGI over many years. The
conductive filler prior to adding the resin, method used for during this development has been the so called

"three and four point method" were the bipolar substrate is
Most of the development work was done using PE. This exposed to a constant potential of 1.5 volts. First, the substrate

material has given JCBGI the best results to date. Recently, is sandwiched between the two cells and serves as the working
JCBGI has also been investigating different resins which would electrode. A constant potential of 1.5 volts is applied to the
give the substrate more high temperatures capabilities and a substrate in the three electrode system were the current is

more rigid structure. Depending upon the application, the resin collected at the top of the substrate. After 24 hours the test is
with the best properties can be used. switched to a four point test with the current being collected

after it passes through the substrate. With the potential
remaining at 1.5 volts, the test continues for a minimum of

BATTERY ASSEMBLY TECHNIQUES three additional days. Ideally, if the substrate was not porous,
the current would remain the same for both the three and four

One of the biggest advantages to using a composite point tests. A rising current during testing would suggest a
bipolar substrate is the many different options available for cell porous substrate or a non-stable conductive filler.
to cell sealing. Lead sheet substrates have long been
investigated for use in bipolar batteries but have obvious The second test of the substrate must pass is the
drawbacks as far as weight and corrosion. However, the conductivity test. The conductivity of the part is measured

biggest problem with lead sheet may be producing reliable and before and after the stability test. If the conductivity increases
inexpensive cell to cell seals. A composite substrate, besides more than 10% the part has exhibited either porosity or the
eliminating the weight and corrosion concerns, allows one to conductive filler is not stable. For a conductive filler that is
use any number of inexpensive, existing methods to produce stable, an increase in resistivity would indicate a porosity
the cell to cell seal. problem. In parts were the conductive filler is not stable the

increase in resistivity is explained by the non-stability of the
Both of JCBGI's bipolar designs can utilize the same cell filler.

to cell sealing methods. The substrates are designed to be
interchangeable in the same tooling. The substrates are first
thermally sealed to a non-conductive frame. The electrodes BATTERY PERFORMANCE
can then be joined together by vibration welding the frames to
each other. The plates are stacked on top of each other, with a The quasi design allowed JCBGI to cycle numerous 400
separator in between.(Figure 4) This allows you to build up the volt bipolar battery strings. This afforded invaluable
battery voltage in two volt increments without tooling changes. experience and information regarding packaging, charging, and

Finally, an acid fill port is then welded into each cell. This safe handling of high voltage strings. The 430 OCV strings
method of assembly has been used for all of the quasi battery were packaged in a monoblock container(12"xlI"x 2 5") of ten
development with a great deal of success. twenty cell batteries in series. The same substrate and

packaging design has demonstrated over 100 constant power
Figure 4 cycles at two independent locations. Also, the quasi design has

BIPOLAR BATTERY ASSEMBLY demonstrated higher than 1.7 kW/kg in pulse power, laboratory
testing at JCBGI.

"-.-..• A bipolar design at JCBGI has demonstrated over 4000+A -r cycles as well as 3+ amps/in 2 cold crank capability. A
composite battery has demonstrated over 150, 100% DOD
cycles and 2.5+ amps/in2 cold crank capability. To date no
evidence of substrate failure has been found during post
mortem analysis. Conductivity tests of substrates before and
after extended cycling have displayed no increase in resistivity.
The initial battery testing has clearly shown that the substrate is
performing as designed and is able to withstand the rigors of
the lead/acid system.

JCBGI has also developed a new, one step sealing

technique to replace the initial three step method. This
technique performs the initial seal of the substrate to the frame, PERFORMANCE PROJECTIONS

and the frame to frame seal in one step. In addition the fill
port/vent assembly can be designed to be sealed at the same
time. The new method eliminates the vibration welding step Performance projections for the composite and actual test

which has history of dendritic cell failure caused by separator data from quasi battery can be found in the ragone plot in
shearing. This improved design also lends itself to be more Figure 5. The projections for the substrate were conservative

manufacturable and cost effective than the vibration welding and assumed conventional active materials.
method.
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Figure 5 Using the JCBGJ Lead Acid Battery Mathematical

JOHNSON CONTROLS BiPOLAR PLOModel performance projections can be made for a composite
- ASI.TEST DATA TRUE-•AB bipolar battery system. Conservative assumptions were made

- 1 1- - including 0.015" substrate thickness, 2 0-cm resistivity.
Ssubstrate density of 150 mg/cm2, and conventional active

k I materials performing at 30 ah/#PAM. The following table
"-- - -shows projections for the composite bipolar battery and actual

- - •test results for for the quasi design. The energy values are
based on the SFUDS profile and power levels are determined at

I L- -- - 80% DOD.
1 6 18 2 22 2. 24 2 6 3

SPECIC POW ((W*4 ) JCBGI Bipolar Battery Status

The following table compares the physical characteristics Qua conBoif,

of the composite, quasi and Pb sheet bipolar substrate Power Daenity (WAL) 946 1350

materials. specific Power tWAts) 330 510

Bipolar Technology Comparison Energy Den.sty (WW4L) 122 133

n usitM~l Spec-ific Energy t(d~ks) 38 s

Resimtvity 1o' 10 2 SUMMARY
(tl-,m)

Suburae 15 20 15 The Bipolar Lead/Acid battery currently under
(mii development at JCBGI shows great promise. While the quasibipolar design allowed bipolar battery technology to move past
Subtrate 430 225 130 many technological hurdles the real future of the battery lies
Area Density with the composite substrate. A composite bipolar lead/acid
(ms/era') battery has been projected to provide specific energy levels of

Foihue Corroson Corsion None 50 WH/kg and specific power levels of 2.5+ kW/kg. Also,
modes the composite design provides a lightweight, conductive

The composite substrate has a clear advantage over the intercell connection which allows for inexpensive and reliable
Pb sheet materials in weight and but not in resistivity, cell to cell sealing methods. Initial market targets have
However, computer simulations have shown that battery included many government applications such as the More
performance is not extremely sensitive to substrate resistivity Electric Aircraft for WPAFB. various DoD applications, and
for most applications. As the resistivity of the substrate Electrical Launch Actuators for NASA. Other applications
approaches 2 0-cm and lower, the change in battery include automobile batteries, emergency power systems, and
performance at rates as high as 2 amp/cm2 is negligible, electric and hybrid electric vehicles.

The composite substrate offers a further advantage over
the Pb based materials. The substrate can be specifically ACKNOWLEDGEMENT
tailored in composition for an individual application. Various
items can be modified including resin, loading level of The author would like to thank Wright Laboratories,

conductive filler, and thickness which would obviously change especially Richard Marsh and Richard Flake, for the financial

physical characteristics of the substrate. For instance, for a and technological support throughout this battery development.

lower rate, energy rich application such as an EV, the loading I would also like to thank Dr. Wen Kao, of JCBGI, for

level of the conductive filler can be lowered to afford a answering my endless number of questions and performing all
substrate better suited for this application. The loading level of the computer modeling for this paper.
could be changed to 70% by weight, which would result in a
resistivity of 10 0-cm. and an area density of 90 mg/cm 2. The

higher resistivity would not dramatically effect battery
performance. Also, reducing the weight of the substrate would
improve specific energy of the battery system. For higher

power applications, the loading level can be increased to

decrease the voltage drop across the substrate by making it
more conductive.
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A New High Rate, Pulse Power, Sealed Lead-Acid Battery

Tristan Juergens, Michael A. Ruderman and Ralph J. Brodd
Bolder Technologies Corporation., 5181 Ward Road, Wheat Ridge, CO 80033

Abstrac

A new approach to the design of lead acid present development consists of a thin 0.003" layer
batteries has been developed based on the use of of active mass placed on both sides of a solid 0.002"
very thin lead foil current collectors and very high lead foil. The negative and positive active masses
current carrying capacity. The basic cell have different formulations typical of the industry.
construction and the performance characteristics for The active masses are coated onto the lead foil so
the new cell are described. Spiral wrap cells based as to leave a thin strip of uncoated foil along one
on this electrode concept exhibit extremely high edge. The uncoated area forms the contact to the cell
power output with excellent capacity maintenance, terminal. This design produces a 16-19 times
Additionally, these cells exhibit flat voltage at all increase in the ratio of plate surface area to active
currents, and are capable of very rapid recharge. material, and a 20-80 times decrease in the path
Applications for this high power technology cover a length of the electron flow, when compared to
broad spectrum such as portable power tools, UPS conventional flooded and sealed lead acid batteries.
systems, electrically heated catalytic converters, Figure I depicts a cross-section of a typical cell. The
military pulse power applications, engine starting positive and negative elements are wound together
and electric and hybrid vehicles, in a spiral wrap configuration with a thin (0.008")

glass fiber bibulous separator. The cell is wound in a
Basic Cell Construction manner to permit the uncoated strip on the lead foil

collector of each element to protrude slightly from
The Thin Metal Film (TMFTM) battery the end of the wound cell. Thus, uncoated areas of

technology (1, 2, 3, 4) has been developed at Bolder each plate polarity protrude from opposite sides of
Technologies. The concept represents a the wound cell, similar to capacitor designs. The
straightforward extrapolation of conventional lead lead terminals are cast onto the full length of the
acid technology into a new non-conventional exposed ends of the spiral wrap cell. The casting
configuration. The original developers of the sealed serves as a seal, current collector, and manifold for
lead acid gas-recombinant battery technology used electrolyte distribution. The cell design incorporates
thick perforated electrodes and single point current a low pressure vent (about 20 psi) into the case. Ibhe
collection (5, 6). This introduced inefficiency in the assembly is then ultrasonically sealed into an ABS
operation of the cell. The basic element of the housing and vacuum filled with electrolyte.

FLA X OVYmvF OL LLW 0 WKI • A

0 0

arm%&r

Figure 1. Schematic Cross-Section of the TMFTM Cell.
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Performance Characteristics

The TMFTM cell has excellent discharge The excellent high power capability of the cell
characteristics. Discharge tests of a 1.5 Ah cell at follows directly from the cell design and the
one, ten and thirty amps yield very flat discharge characteristics of lead acid chemistry. The use of
voltages, even at the 30 amp discharge rate. The thin metal foil current collectors and thin layers of
voltage is above 2.0 volts for over 50% of the active mass results in high surface area electrodes.
discharge on all three tests. The cells yield over 75% This translates in the cell to a low current density
of the low current capacity at the thirty amp rate to a for a given current flow. For instance, at a
1.5 volt cut-off. discharge current of 30 amps, the current density on

the electrode surface is about 50 mA/cm 2 . The large
The use of opposite end current collection plate area also reduces the internal impedance of the

produces a uniform current distribution over the cell, which is evident in the recharge characteristics
electrode surface. The cast-on cell terminal contacts as well as the discharge.
the full length of the current collector. These two
key construction features provide a constant low The cell can be recharged by any of several
resistance path for current flow across the full regimes, including constant voltage, constant
electrode surface, combining to minimize cell current and constant voltage with a current limit.
polarization and increase the operating voltage of Figure 2 depicts a typical constant voltage recharge
the cell. In addition, the low current density and the of a 1.2 Ah cell with a voltage setting of 2.65 volts
thin layers of active mass result in high efficiency of on the charger. A full recharge is accomplished in
utilization of the active materials in the cell, less than 7 minutes and the cell is 80% recharged in
producing excellent cycle life characteristics of over less than 3 minutes. The ability of the TMFTM cell to
300 deep discharges and over 15,000 shallow accept current at very high rates allows flexibility in
discharges. applications requiring high current discharges

followed by rapid recharge.
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Figure 2. Constant Voltage Recharging of a 1.2 Ah Sub C TMF Cell.
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Figure 3 illustrates the superior discharge A demonstration of the high power capability of
profile and voltage maintenance of this new battery. the cell is shown in Figure 5. The peak power
The pulse discharges are modeled after the current performance was determined as a function of depth
profile of an electric drill using a 3/4 in. auger bit in of discharge according to the USABC procedure (7).
a 2 in. thick redwood board. The constant current The cell delivers peak power of at least 800 W/kg
load is applied with a 4 sec. "off' and 5 sec. "on" for over 70% of its discharge and gives over 400
time duty cycle. The "on" time is lengthened as the W/kg after delivering 90% of its useful life. This is
voltage falls off to maintain a constant energy input, significantly higher performance than any other
Figure 4 shows the same discharge profile for a known battery system now under development. The
standard Ni/Cd pack on the same discharge regime. comparative data in Figure 10 were taken from
The TMF TM cell gave 42 pulses while the Ni/Cd published reports (8, 9).
battery gave 32 pulses on the same test.

ZI 2
St }. • . .: -_... ___ , . _ -- _ - _ _ _ •_ _ _ _ _

- , -.-.- . I .. . f .. .

'" io : i !. i" 1. i "_ __'

1 42 discharge pulses
__ _ __ _ _ i to 9V cutoff

0 1 2 3 4 5 6 7
TIME (MINUT-3)

Figure 3. Pulse Discharge of a 12 Volt TMF TM Battery Pack on a Simulated Electric Drill Application.
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... ..i. . . . . . . .... . . .i. . .. . . I... . . . . . . . . . . . . . . . . . . . .. .
I,-

. . . . . . . . . . . . . . .. . . . ,

0 1 2 3 4 5 6 7

TIME (MINUTES)

Figure 4. Pulse Discharge of a 12 Volt Standard Ni/Cd Cs Battery Pack on a Simulated Electric Drill
Application.
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Figure 5. Peak Power Capability of the TMFTM Cell. The Peak Power Capabilities of Other Systems Now
Under Development Are Shown For Comparison (8, 9).
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NEW APPROACH IN THE SYNTHESIS OF POLYMER GEL
ELECTROLYTES FOR LITHIUM BATTERIES

ZWkft Ftylaftzy. Ewe Zygndft4fonikowska, l*&,dyew bWwczorak,
WoJciech Bzducha, VModzmme Krawiec

University of Technology, Faculty of Chemistry, ul. Noakowskiego 3
00-664 Warsaw, Poland

Introduction The second method consists in the synthesis of mono
conducting gels obtained in the maleic anhydride copolymer

The obtaining of systems assuring high ion mobility with poly(ethylene oxide) glycol derivatives terminated by an
and at the same time exhibiting good mechanical properties allyl group.
under the working conditions of electrochemical devices is
one of the basic problems in the synthesis of solid polymeric CH-CH--H -- + 1 ==C *--
electrolytes. Two basic directions can be distinguished in the 1 c
current studies in this field. The first one is the synthesis of
matenals capableof stablework at 70-120C, such as 0 /0 \
poly(ethylene oxide) blends or crosslinked polymeric
matrixes containing polyether segments. The second
direction of work leads to the obtaining of materials
exhibiting high conductivity at ambient and subambient
temperature. Conductivities of the order of magnitude of Yocrnkw
103- 10-5 S/cm has been the goal. - - CH*-CH- CH2CH,,U or-

I I
Most of the recent studies in this latter field have 0 C c=o

dealt with polymer gel electrolytes comprising spatial ou OI P, z OC1=C~h
macromolecular networks, salts and organic solvents.1"6
They are colloidal systems, in which the organic solvent erimental Procedures
constitutes 70 - 80 wt. %. In a macroscopic scale the gel
behaves like a solid in which the three-dimensional network
participates in the deformation process. However, in a
microscopic scale in which ion diffusion processes are Monomers, allyl alcohol, DMSO, propylene carbonate
considered, the gel is a liquid. and benzoyl peroxide (reagent grade) were purified by

The spatial structure may result from specific distillation. LiCIO 4 (Aldrich) was dried under vacuum for 24 h
interactions between the linear polymers chains, e.g. by te at 125 oC. BF3 etherate (Aldrich) was dissolved in propylene
intermations ofetweroen bos ln r pymicro crtainsg. H ver, carbonate to form a 20 wt. % solution. n-Butyllithium information of hydrogen bonds or micro crystals. However, hexane (15 wt. %, Merck-Schuchard) was used as received.most often it is formed in a chemical reaction comprising An alternating copolymer of maleic anhydride and styrene

multifunctional monomers or polymer grafting by high energy wastaine copolymer ization in torene
radiation. These processes are difficult to control and was obtained by free radical copolymerization in toluene.
therefore it seems worthwhile to evaluate effective methods The poly(ethylene oxide) glycols terminated by an allyl group
permitting the obtaining of gels in two-step processes. First were obtained by anionic polymerization of ethylene oxide
linear polymers would be obtained, which then would be initiated by NaOH in allyl alcohol according to the general
crosslinked as a result of chain polymerization. Such a method described elsewhere.7 The average degree of
situation is possible when the monomers used contain polymerization was determined by meansofH-NMR
functional groups capable of polymerization according to spectroscopy.
different mechanisms or when the group capable of
crosslinking is introduced to the system by the reaction of Gel Preertign
the previously obtained linear polymer. Two examples of
such a strategy are presented in this work. The first one Method A: Acrylic monomers (-0.3g), LiCIO 4, propylene
concerns the free radical polymerization of glycidyl carbonate and benzoyl peroxide (0.01g) were placed under
methacrylate (GM) in a propylene carbonate and LiCIO4  nitrogen in glass pressure ampoules and heated at 70 OC for
medium and crosslinked by cationic polymerization of the 3 h. The ampoule was then cooled to -78 OC and BF3
oxirane ring. etherate (0.5 wt. % with respect to glycidyl methacrylate )

was added. In some experiments additionally 10 cm3 of
__3 acrylonitrile was added and after about 30 seconds the

n04~ -C * mC*42=aW P4i-C~'-w-rWlm reaction mixture was poured onto Teflon plates, which
o=C oc enabled the obtaining of films. In the other cases the gels

I04--0$a obtained were pressed to films between electrodes.
00

Method B: Maleic anhydride-styrene copolymer (0.5 g) was
-<. -'°cK ;-10 dissolved in 15 cm3 of DMSO. The solution obtained was

added dropwise to an equimolar amount of poly(ethylene
e. - glycol) allyl monoether alcoholate obtained from allyl ether
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and n-butyllithium. A determined amount of propylene The crosslinking by means of BF 3 etherate was
carbonate and 1 wt. % of a free radical initiator or photo carried out for 15 minutes and IR studies of the gel obtained
initiator were added to the salt obtained. A thin layer of the indicate that all the oxirane rings are practically consumed
solution was obtained and the excess of solvents was both in the reactions proceeding at room temperature and at
removed in vacuo at 60 - 90 oc. The gels were obtained in .780c.
the form of a film.

Attempts to obtain stable gels with glycidyl
Method C: The solution of the lithium salt obtained as methacrylate homopolymers failed and the polymer formed
described above was poured onto acidified water. The precipitated in the form of a white solid. The reason for this
polymer precipitated was filtered off and purified by is the too high crosslinking density and thus too short
dissolution onto water and dried in vacuo for 48 h. 0.2 g of network segments to successfully bond the solution of the
the obtained acidic form of the copolymer semiester was salt and assure elasticity of the system. Stable gels may be
dissolved in 3 cm3 of absolute methanol and converted into obtained when the glycidyl methacrylate monomeric units
a salt by dropping in a n-butyl solution. Next, a required concentration in the polymer chain ranges between 15 to 60
amount of organic solvents and initiator were added, a thin mol %. Due to the high reactivity of glycidyl methacrylate in
layer was poured out and methanol was removed. Gels were free radical polymerization, compounds of high parameter Q
obtained by thermal crosslinking at 70 oC for -1 h or by values, such as acrylic acid and methacrylic acid derivatives
means of UV radiation, or styrene, should be used as comonomers decreasing the

Conductivity Measurements epoxide groups concentration. In Table I are presented
exemplary ambient temperature conductivity (ORT) values of
gels thus obtained. At a solvent content of 80 wt. % the ORTAC impedance analysis was used to determine the values exceed 10-3 S/cm. The kind of comonomer used hasbulk conductivity of gels. Measurements were performed in no essential effect on the conductivity. The highest

the frequency range from 5 Hz to 500 kHz applying stainless conductivity values were obtained for systems with
steel blocking electrodes. The sample holder was placed in acrylamide, which may result from the strongly polar
an evacuated glass vessel and vacuum pumped for two properties of the amide group. The lowest conductivity
hours prior to measurements. The electrode area was equal values were obtained, however, for systems with the least
to 1.5 cm2 and the sample thickness 0.5 - 1 mm. The polar comonomer, i.e. styrene. Gels containing 80 wt. % of
samples were kept for 0.5 h at each experiment temperatureand was maintained within ± 0.1 oc. propylene carbonate exhibit at 0 oc a conductivity of -lx l0-

nS/cm, at -300 that of above 104 S/cm, and at -500 that of
above 10-5 S/cm.

Results and Discussion The temperature dependence of conductivity in the 20
- 80 OC range can be analyzed according to the Arrhenius

Gel electrolytes based on olvcidyl methacrvlate cooolvmers plot (Table 1). It can be noticed that for most of the samples
of high propylene carbonate content, the activation energy

The homopolymerization of glycidyl methacrylate and (Ea) reaches values in the 17 - 22 kJ/mol range. These
its copolymerization with styrene or acrylic monomers values are very close to those reported for LiCIO 4 solutions
(presented in Table 1) carried out in propylene carbonate at in propylene carbonate (e.g. -16 kJ/mol for the optimum salt
70 °C at a 70 - 80 wt. % of the solvent in the presence of 0.5 concentration at 15 OC). Only in some systems with
wt. % of benzoyl peroxide with respect to the monomers is acrylamide and acrylonitrile (Figure 1) the conductivity data
completed after about 2 hours. are best analyzed using the Vogel - Tamman - Fulcher

(VTF) equation: a = coxexp(-B/T-To), where the pre
Table 1. Conductivity of Gels Based on Glycidyl exponential factor co is proportional to the activation energy
Methacrylate (GMA) Copolymers with Monomers of Various and To denotes the thermodynamic glass transition
Polaritya. temperature. As can be seen from Table 2, the T values

Comonomer GMA ORT Ea calculated from this equation are very close to the q value
determined by means of DSC. Thus, the systems stu(ied docontribution at 298 K not conform to the Addams-Gibbs 8 configurational entropy

in copolymer model developed for solid systems in which To is
mol % S/cm kJ/mol theoretically predicted to be 50K lower than T . This

Methyl acrylate 50 2.0x10-3 22.1 suggests that in gel systems of high solvent content "ere is
Butyl acrylate 50 2.2x10-3  18.4 no direct relation between the ionic mobility and the motion

Sob 1.8x10-4 31.8 of polymer network, as predicted by the free volume and
Methyl methacrylate 30 2.1x10-3  17.1 configurational entropy theories, but in some systems the
Acrylamide 50 3.5x10-3 VTF chain movements may affect the ion transportation. The
Acrylonitrile 50 2.2x10-3 VTF values of the pseudo activation energy (B) calculated for
Styrene 60 1.8x1i-3 17.6 these systems are two - three times lower than those
Poly(ethylene 55 1.9x10-3 reported for solid polymeric electrolytes, e.g. ref. 9,10 DTG
glycol) diglycidyl studies show that the mass loss up to about 60 Oc does not
ether exceed 1.2 %
a LiCIO4 : 8 wt. %; propylene carbonate: 80 wt. %;
crosslinking agent: BF 3 etherate (0.1 wt. %) (20 % solution The conductivity data for several electrolytes based
in propylene carbonate). on maleic anhydride copolymers are presented in Table 3.
b Propylene carbonate: 70 wt. %. The highest ambient temperature conductivities of above
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are probably dealing here with a typical for electrolyte
chemistry establishing of a certain optimal concentration,
determined by a change in the amount and mobility of

-2.0- charge carmers with dilution of the system.

- The temperature dependence of conductivity for a
majority of systems fulfills the Arrhenius equation and the
activation energies determined are of the 22 - 45 kJI/mol
range.

-2.5
Table 3. Conductivity of Maleic Anhydride Copolymers
Based Electrolytes.

na Method Plasticizer Li Ionic conductivity
of cont.

-3.0 osynth. in
I DMSO PC polym. 250C 50 0C

2.5 3.0 3.5 wt. % wt.% wt. % S/cm S/cm
1000/T (K)

Figure 1. Log conductivity - reciprocal temperatures plots for 0 C 0 80 9.0-10-6 2.2.10-5
gel electrolytes based on glycidyl methacrylate copolymers C 30 50 2.2-10-5 4.9.10-5
with (e) acrylonitrile and (o) acrylamide. Full lines denote C 40 40 1.8-10-5 7.2.10-5
theoretical curves for the VTF equation with parameters 3 B 10 - 1.76 1.0.10-4 2.9-10-4
given in Table 2. B 17 - 1.76 2.4-10-4 1.0.1)-3

B 20 20 1.76 7.7-10-4 1.9.10-3
B 21 42 1.76 8.1.10-4 2.1.10-3

Table 2. VTF Fit Data and T Values for Gel Electrolytes C 0 80 1.76 1.6-10-5 2.7.10-5
Based on Glycidyl Methacrylate with Acrylonitrile (AN) and C 20 25 1.76 7.8.10-4 1.9.10-3
Acrylamide (AA). C 20 40 1.76 8.0.10-4 2.1.10-3

C 50 20 1.76 2.1.10-4
Comonomer Temp. A B To To 6 B 20 1.32 2.2.10-5 8.1.10-5

range B 24 - 1.32 4.8-10-5 7.8.10-5
K SK0 -5 cm-1 K-1  K K B 28 - 1.32 6.1.10-5 1.3.10-4

AN 243- 1.25 435 176 181 7 B 50 - 1.27 8.6.10-5 2.7.10-4
369 B 22 53 1.27 1.1.10-4 2,2-10-4

AA 291- 1.92 392 186 188 9 B 20 - 1.06 7.310-.6 3.9.10-5
365 B 27 1.06 2 .7. 10-5 1.1-10-4

10-4 S/cm are obtained for electrolytes containing three a number of OCH2 CH2 monomeric units.
oxyethylene units. The clearly higher conductivity values of
these systems than of those where n = 0 indicate that the For the electrolyte of n = 3 containing 20 wt% of
presence of OCH2 CH 2 units in the side chain has an DMSO and 20 wt% of propylene carbonate, investigations
essential effect on the conducting properties of the gel. were carried out on its stability in the presence of a lithium
Probably even in the presence of the solvents the possibility electrode. We have examined this problem using a.c.
of internal coordination of lithium ions has a significant effect impedance spectroscopy of the system comprising a gelled
on the charge carriers mobility and salt dissociation electrolyte sandwiched between two identical lithium metal
constant. The conductivity decreases with elongation of the electrodes.
oxyethylene chain as a result of a decrease in the charge
carrier concentration. The ionic conductivity of the sample studied was

8.02.10-4 S/cm at 250C and 1.78.10-3 S/cm at 500 C giving
Propylene carbonate and dimethylsulfoxide (DMSO) respective values in relation to the conductivities of the

were used as active solvents of the gels. They constitute 20 corresponding system of blocking electrodes (7.7.10-4 S/cm
- 80 wt. % of the gel. Phase separation of the gel and solvent and 1.9-10-3 Slcm, respectively).
occurred at higher solvent content. Higher conductivity
values are assured when using a solvent mixture than in the In Figure 2 are presented impedance diagrams for a
case of using systems with one solvent. Systems containing symmetrical Li PGE Li cell at 40 oC. One can easily identify
20 wt. % of DMSO and 20 - 25 wt. % of propylene carbonate two intercepts on the real axis. The first one at high
seem to be most favorable from the point of view of frequencies may be attributed to the electrolyte resistance
conductivity and mechanical properties. A further increase in (RE), and the second one at lower frequencies to the
the propylene carbonate content to about 40 wt. % causes resistance of the electrode - electrolyte interface (Ri). From
only a slight increase in the conductivity of the system. the this figure it appears that the resistance of the interface (Ri)
use of an excess of DMSO causes a worsening of both the increases slightly with time, indicating a relatively slow (but
mechanical properties and conductivity of the system. We essential) growth of a resistive layer at the interface.
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Conclusions

a• Polymeric gels based on glycidyl methacrylate
M prepared by the step procedure exhibit one of the highest
o, conductivity values at ambient and subambient temperatures

from among the polymeric electrolyte described hitherto.
M "-They can be considered as eventual substitutes of liquid

"- electrolytes containing propylene carbonate and lithium
N \ salts.

b
IV I ,Monoconducting gel electrolytes based on maleic

0 1.0 2.0 3.0 anhydride copolymers are a novel and original system,

ZreI - 3 which seems to be vary attractive due to the low cost of the
starting materials. Although the procedure of their synthesis

Figure 2. Impedance diagram for a symmetrical Li PGE Li is far from being optimized, the initial ambient temperature
cell at 40oC; a - after 24h, b - 48h, c - 72h. conductivity values in the 10-4 - 10-5 S/cm range and low

activation energies seem to be promising.

Since the electrolytes were obtained under carefully Acknowtedomen
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This gel exhibits a conductivity of 7x10-4 S/cm at
250C and activation energy of 17 kJ/mol.
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Gelioinics for Lithium Battery Applications

G.B.Appetecchl, F.Croce and B.Scrofatl
Dipartimento di Chimica, Universit 'La Sapienza'

00185 Rome, Italy

In this work we report the results of a systematic The preparation of the membranes, as well as the
investigation on the electrochemical propeties of various experimental techniques used for their characterization ,
highly conducting, gel-type, polymer electrolytes of interest have been described in previous papers 2,3 to which the
for the development of thin-layer lithium batteries. In reader is referred for further details.
particular, the properties and the practical prospects of
electrolyte membranes obtained by immoblizing liquid Result and discussion
organic solutions of lithium salts in poly(acrylonitrile) and
poly(methylmethacrylate) polymer matrices, are illustrated 1.lonic transoort and electrochemical stability.
and discussed.

Figures 1-3 illustrate the Arrhenius plots of the
Introduction various ionic membranes considered in the present study.

Many types of ionically conducting polymers have T [°C]
been developed and characterized in the most recent 60.2 34.6 12.6

years 1 . Special interest is today focused on polymer 10-2

membranes having fast lithium ion transport at ambient
and subambient temperatures since they may be exploited I UN(CF3SO,), uco 4
as low-resistance separators for the fabrication of high-
power, versatile, advanced batteries. Various innovative
structures and configurations have been considered for the
development of such highly conductive membranes. .•,0-

Generally, the most common concept has been that of >
trapping liquid solutons into polymer cages. The
immobilizaton procedures included UV crosslinking, and
gelification and casting. In this paper we describe the
properties and the applications of electrolyte membranes0 LiAs%

obtained by gelification of organic solutions of lithium salts

in poly(acrylonitrile) and poly(methylmethacrylate) polymer 10`
matrices. 2.75 3.00 3.25 3,50

Ex~rmna 1000/T [K-']

Various representative examples of ionically Figure 1-Arrhenius plots of the conductivity of PAN-
conducting membranes have been considered in this work. PC/EC-LiX (samples S-1,S-2 and S-3) ionic
Their types and compositions are summarized in Table 1. membranes.

Table 1
T [oc]

Type and compostion of gel-type membranes considered 10-2 90.5 60.2 34.6 12.6
in this work.

Sample constituents molar composition Li/sF6
identification iCIO4

-- -- ----------- ----- --------- - - - - - ----.--- )-

S-1 PAN-PC/EC-LiCIO4 16-23/55.6-4.5
S-2 PAN-PC/EC-LiAsF6 16-23/55.6-4.5
S-3 PAN-PC/EC-LiN(CF3SO2)2 16-23/55.6-4.5
S-4 PAN-BL-LiCIO4 16-79.5-4.5 "
S-5 PAN-BL-LiAsF6 16-79.5-4.5 V UN(CFS( )2
S-6 PAN-BL-LiN(CF3SO2)2 16-79.5-4.5

0
S-7 PMMA-PC/EC-LiClO4 30-19/46.5-4.5 U
S-8 PMMA-PC/EC-LiAsF6 30-19/46.5-4.5 _ _ _ _

S-9 PMMA-PC/EC-LiN(CF3S02)2 30-19/46.5-4.5 10.7 '
2.75 3.00 3.25 350

PAN=poly(acrylonitrile); 1000/T [K']
PMMA= poly(methylmethacrylate);
PC= propylene carbonate; EC = ethylene carbonate; Figure 2 - Arrhenius plots of the conductivity of PAN-

BL = y-.butyrolactone. BL-LiX (samples S-4,S-5 and S-6) ionic
membranes.
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T [.c] ii) The electrochemical stability of the ionic membranes
, ,22 -. ,exceeds, on average, 4.5V vs. Li and this demonstrates

,0-2 ,that they are compatible with high-voltage electrodic
couples, such as the Li-V 6 0 1 3 couple and the LixC6-
LiMe2 (M=Co, Ni, Mn...) couple. This makes the

S ,membranes suitable for both lithium metal and lithium ion
,o . .battery fabrication.

iii) The lithium transference number in the ionic
membranes is, on average, higher than that usually

10- ,o. •PA-,,cIo, obtained for the parent pure liquid solutions. This suggests
that the role of the polymer component (PAN or PMMA in

o . PMMA-UAW, the case of this work) is much more complex than that ofO acting as a porous solid support for the liquid solution.
,- 35 4, Indeed, as discussed elsewhere 4 , lithium-7 NMR and

25 30 5 40 dielectric relaxation studies have demonstrated that the
1000/T [K-1] polymer component influences the short-range lithium ion

mobility and thus, quite likely, also their transference
number. Therefore, the term "hybrid electrolytes' often

Figure 3-Arrhenius plots of the conductivity of PMMA- used 5 to classify these gel-type ionic membranes is not
PC/EC-LiX (samples S-7 and S-8) ionic fully appropriate. More representative is, in our opinion,
membranes. the recently proposed3 term gelionics.

These plots reveal the most important feature of the
membranes which is the exceptonally high ionic Stability of the lithium interface
conductivity which averages around 10- 3 S cm-1 at room
temperature, and 10-4 S cm- 1 at temperatures as low as Detailed investigation based on cyclic voltammetry and
-200C. Such fast ionic transport is combined with other key impedance spectroscopy 2,3,6 has shown that the lithium
features, such as wide electrochemical stability and high electrode is passivated when in contact with gelionic
lithum transference number. This is well illustrated in membranes, and that the passivation phenomena affect the
Table 2 which summarizes the electrochemical properties electrode cyclability. The extent of passivation varies from
of the various membranes examined in this work. case to case which is not surprising since it depends on the

level of aggressivity of each given electrolyte component.

Table 2

Electrochemical properties at 25 0C of gel-type time [days]
membranes considered in this work. 0 2.08 4.17 625 8.33 10.42 12.5

2000 1
Sample electrolyte conductivity lithium anodic a d c mV) po• .... , o r I hour

103a/cm- 1 transfer stability 1750 (1 afte oo

number (M) 1500

S-1)PAN-PC/EC-LiCIO4  4.5 0.5-0.6 4.8 1250
S-2)PAN-PC/EC-LiAsF 6  4.6 0.6-0.7 4.5 . 7 PAN/LCI04
S-3)PAN-PC/EC-LiN(CF 3 SO 2 )2  2.0 0.7-0. 8 4.6 0 1000 .'4

S-4)PAN-BL-LiCIO 4  4.4 0.5-0.6 4.9
S-5)PAN-BL-LiAsF 6  6.0 0.6-0.7 4.6 CC 750 -
S-6)PAN-BL-LiN(CF 3 S0 2 )2  4.0 0.7-0.8 4.7
S-7)PMMA-PC/EC-LiCIO 4  0.7 0.4 4.6
S-8)PMMA-PC/EC-LiAsF6 0.8 0.6 4.8 500
S-9)PMMA-PC/EC-LiN(CF 3 SO2 )2  0.7 4.9 PMMA/LiCIO 4250 '

0-

From the examination of the data of Table 2 some 0 50 100 10 22: :50 300
importatant considerations may be outlined, namely: time [hours]

i) All the electrolytes considered have comparable
transport and electrochemical properties and thus, are
interchangeable in terms of these properties. This is a very Figure 4- Time evolution at 25 °C of the resistance of
important aspect since it permits the selection of a system the lithium interface in PAN-PC/EC-LiCIO4 (sample
which is the most suitable for a given application. S-1) and in PMMA-PC/EC-LiCIO4 (sample S-7)
Furthermore, this strongly suggests that the list in Table 2 is gelionic membranes. The data in this figure have
far from being exhaustive, and thus by chosing the proper been obtained by monitoring the impedance
polymer one may immobilize almost any desired liquid response of symmetrical Li/ gelionic membrane I Li
electrolyte solution. cells stored under open circuit conditions.
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As an example, Figure 4 compares the time evolution of
the resistance of the lithium interface in the two cases of a
PAN-based cell and of a PMMA-based cell. The difference
in behavior is striking: in the PAN-based medium the
resistance continuously increases with a cumulative trend 1 K.M.Abraham (1993), Applications of Electroactive
which becomes particularly steep aftei prolonged time, and 1) lymAra m (1993) , Capman o Hll, Lo ndon,
which is not even interrupted by occasional current drains; Polymers, .Scrosati Ed., Chapman & Hall, London,
such a dramatic effect is not observed in the PMMA-based p. 75
medium. The difference in response certainly reflects 2) F.Croce, F.Gerace, G.Dautzenberg, S.Passerini,

some major differences in passivation kinetics and thus, in G.B.Appetecchi and B.Scrosati, (1994)ElocIwohim.

the cyclability of the lithium electrode in the two media. &M, in press.

This is confirmed by Table 3 which lists the efficiency of 3) G.Dautzenberg, F.Croce, S.Passerini, and

the lithium deposition-stripping process obtained in various B.Scrosati, (1994) Chem.Mater., in press

PAN-based and PMMA-based cells. 4) F.Croce, S.D.Brown, S.Greenbaum, S.M.Slane and
M.Salomon, (1993) Chem, Mate.., 5 p.1268.

5) K.Arbizzani, M.Mastragostino, L.Meneghello,

Table 3 X.Andrieu and T.Vicedo,(1993) Mat.Res.Soc. Symo.
Prceedins, vol. 293, p. 169.

Efficiency of the lithium plating-stripping process in 6) F.Croce and B.Scrosati, (1993) J.Power Sources, 44,

gelionics membrane cells at 25 0C. Lithium counter p. 9.

electrode. Stainless-steel substrate. 6) K.M.Abraham and M.Alamgir, (1993) J.Eower
jourLes 44, p.195.

Sample type of efficiency 7) B.Scrosati and F.Croce,(1993) Pol. for Ady,m e ctrlype of eTechnolog, 4, p.198.electrolyte (%) 8) S.Slane and M.Salomon, (1994) in course of

S-1 PAN-PCIEC-LiCIO4 72 publication.

S-7 PMMA-PC/EC-LiCIO4 89
S-8 PMMA-PC/EC-LiAsF6 91
S-9 PMMA-PC/EC-LiN(CF3SO2)2 94

Again the data of this table lead to important conclusions
regarding practical application prospects of the gelionic
membranes considered here, namely:

i)Even for the most favourable cases, the values of the
lithium cycling efficiencies are not totally acceptable since
they indicate that a consistent fraction of lithium is lost
upon cycling. Therefore, the direct use of these
membranes as battery separators would require large
excess of lithium to assure acceptable (i.e. greater than
500 deep cycles) life to the battery.

ii)Detailed and focussed studies should be carried out with
the specific goal of improving the stability of the lithium
interface. One approach which has been shown to be quite
effective in poly(ethylene oxide) based electrolytes 7 and
in PAN-based gelionics 8, may be that of dispersing
ceramic powders in the bulk of the membranes. Obviously,
other routes should also considered and, particularly,
those directed towards the identification of the most stable
solvent-lithium salt- polymer combination.

iii) At the present status of (our) knowledge, it appears that
if one wishes to successfully exploit the outstanding
transport and electrochemical properties of the gelionics
membranes, primary lithium metal batteries or lithium
metal-free batteries, e.g. rocking chair batteries, should be
preferably considered. The validity of this conclusion is
presently under consideration in our laboratory by the
fabrication and test of thin-layer, plasticlike lithium primary
batteries and of new-design, lithium ion batteries.
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Introduction in a PEO:LiBF4 polymer complex; however, the charge transfer resis-

tance decreased by a factor of three due to a small addition of the lithium
Solid polymer electrolytes have attracted a great deal of interest. borosulfate glass. Przyluski et ai.10 investigated (PEO-Nal):SiO 2 coM-

The major motivation for this interest is a technological application - re- posite electrolytes. These electrolytes possessed about an order of
chargeable and high energy density power sources. The research and magnitude higher conductivity than that of the PEO-Nal electrolytes at
development efforts of this decade have contributed significantly toward ambient temperature. The conductivity enhancement was attributed to a
the identification and definition of issues for further development of decreased crystallinity which was measured by x-ray diffraction tech-
solid polymer electrolytes. Ambient temperature conductivity, cationic nique. In addition, they also reported improved mechanical and thermal
transport number, electrode-electrolyte interfacial reactions, lithium re- stabilities of these composite electrolytes.
cyclability, and manufacturability constitute the main issues. These is-
sues need focused attention and satisfactory solutions before solid state It is interesting to note that most of the reported work has
polymer batteries become commercially viable, focused on the conductivity, while the main issues in the development of

solid polymer electrolytes as pointed out earlier, are conductivity, cat-
Polymer-ceramic composite electrolyte is a subset of the general ionic transport number, lithium-electrolyte interface stability, lithium re-

class of solid electrolytes and is continuing to evolve. Only about a cyclability, and manufacturability.
dozen papers have been published on this topic. Some of these papers
are only exploratory in nature. The purpose of this paper is to briefly
review the literature on composite electrolytes, present some preliminary
data on polymer-Li 3N composite electrolyte, and then assess the future The composite films were made using reagent grade
potential of these electrolytes. poly(ethylene) oxide (PEO), lithium tetrafluoroborate (LiBF4), and lith-

ium nitride (Li3N). The PEO:LiBF4 proportion was used such that the
Previous Work oxygen to lithium ratio was maintained at 8:1. The selection of Li 3N as

a ceramic additive to the PEO:LiBF 4 polymer complex was based on its
Weston and Steelel mixed PEO-LiCIO 4 polymer complex with reported high lithium ion conductivity"I and a preliminary experimental

a-alumina powder to improve the mechanical stability of these electro- report on PEO:Li 3N composite by Skaarup et al.2 The percentage of
lytes. The mechanical stability improved; however, they reported no lithium nitride varied from 0 to 60%. The ground mixture of the raw
enhancement in conductivity. Skaarup et al.2 investigated electrolytes materials was compacted in a Carver Press. The compacting parameters,
consisting of Li3N, LiCF3 SO3 and PEO to take advantage of the desir- i.e., temperature, pressure, and time, depended upon the composition of
able attributes of inorganic and polymer components of the mixed phase the composite electrolyte. Generally, the compacting temperature,
electrolyte. They reported that at small volume fractions of polymers pressure, and time were raised as the concentration of Li3N increased.
(0.05-0.10) the room temperature ionic conductivity was about a factor The compacted composite disc was further thinned on a hot plate
of 1,000 larger than that of the single phase polymer and the activation between two sheets of teflon, and flattened with a roller. The electrolyte
energy for conduction was comparable to that of the inorganic phase. film thus prepared vary in thickness from 0.07-0.15 mam.
Plocharski and Wieczork3 investigated PEO-NaI polymer mixed with
Na3 .2 Zr2Si 2 .2P0 .8 0 12 ceramic powder. They reported at least an order Symmetric cells of SS/CE/SS (SS-stainless steel, CE-composite
of magnitude increase in the conductivity due to the addition of the electrolyte) were constructed in a Teflon holder. The cell was contained
ceramic powder which was attributed to an increase in the amorphous in an airtight glass vessel with electrical connections. The composite
phase. Plocharski et al.4 studied the effect of A120 3 and Nasicon addi- electrolyte film, along with the glass vessel, was annealed between 60-
tions in PEO-Nal polymers on conductivity. The conductivity exceed- 125°C in a helium atmosphere. After annealing the film, electrochemi-
ing 10-5 S cm-1 at room temperature was reported in these composite cal measurements were conducted in the temperature range 0-100*C
electrolytes. Skaarup et al.5 investigated mixed phase electrolyte con- using an EG&G Electrochemical System (Model 273A) interfaced with
taining lithium sulphide glasses (1.2 Li2 S • 1.6 Lil • B2S3) and noncon- an IBM-compatible computer.
ducting polyethylene. Room temperature ionic conductivities of these
electrolytes were about 1,000 times higher than that of PEO-based Results and Discussion
polymer electrolytes. Their results suggested that the polymer phase
does not have to be an ionic conducting type polymer and it can be cho- The temperature dependence of conductivity of the PEO:LiBF 4-
sen to impart superior mechanical, chemical, and thermal properties. 40% Li3N is shown in Figure 1. The figure shows two linear regions
Capuano et al.6 reported that incorporation of y. A120 3 and LiAIO 2 in intersecting at about 450 C. The room temperature conductivity of this
the PEO-based polymer electrolyte increases room temperature conduc- material is approximately 10-5.5 S cm"1. This conductivity value is
tivity by an order of magnitude. Subsequent work on these composite approximately an order of magnitude higher than that of PEO:LiBF 4

electrolytes by Croce et al.7 reported improved lithium-electrolyte single phase polymer electrolyte. The knee in the conductivity curve
interfacial stability. The conductivity enhancement was also reported by signifies a phase transition. For the single phase PEO:LiBF 4 electrolyte
Munichandraiah et al. 8 when zeolite was introduced in the PEO:LiBF 4  material, the transition point is approximately 60-70°C and the lowering
polymer complex. Kumar et al.9 reported no increase in the room tem- of the transition point in the PEO:LiBF 4 -Li3 N composite indicates for-
perature conductivity when a lithium borosulfate glass was incorporated mation of a chemically distinct, lower melting point phase. The activa-
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Table 1

-2-

Compositions and Properties of PEO:LiBF 4/Li 3N Composite
Electrolytes

Spec. Material log a at 300K Remarks
No. Composition AE(273-323K)

boo0

I 95% PEO:LiBF4  10-6. S cm-I Easy processing
5% Li 3N 27.61 kcal mol' Flexible films

2 75% PEO:LiBF4  10-s S cm-' Easy processing
25% Li 3N 27.20 kcal mtol' Flexible films

Z7 a3 a' a. " 3 60% PEO:LiBF, 10"55 S cm-' Slightly brittle

1&/T -' 40% LiIN 38.81 kcal mol' films

Figure 1. Log a vs i/T of PEO:LiBF4-40% Li3 N electrolyte. 4 50% PEO:LiBF4  t0-,7 S cm-1 Slightly brittle
50% Li3N 28.04 kcal mt'o- films

tion energy for the lithium transport is significantly decreased above the

transition temperature. Conductivity

Figure 2 depicts the temperature dependence of PEO:LiBF4 -50% Li 3N Figures I and 2 reveal about an order of magnitude enhancement
electrolyte. The general features are similar to those in Figure 1. How- in the ambient temperature conductivity when 40 to 50 percent Li3 N is
ever, the slope of the conductivity curve in the low temperature region inc te in temer. Simi ts hen reported when
was decreased, suggesting lower activation energy for lithium ion con- incorporated in the polymer. Similar results have been reported when
duction. The ambient temperature conductivity is around 10-5.7 S cm-1 . LiAIO 2, zeolite, SiO 2, A120 3 were introduced in the PEO-based electro-

The phase transition temperature of the material remains similar to the lytes. At the same time, there are two reports'. 9 where addition of a-

PEO:LiBF4 -40% Li3 N electrolyte. aluminum oxide and lithium borosulfate glass had little effect on the
conductivity. It may generally be stated that the ceramic additive in

.2 • small amounts (< about 50 v%) may have a beneficial but not adverse

effect on the conductivity. However, in large amounts (>50 v%) it has
an adverse effect.

The mechanism of conductivity enhancement due to these
ceramic additives remains uncertain at the present time. The proposed
idea that the ceramic additives reduces polymer crystallinity which in
turn enhances conductivity appears to have a limited appeal in view of a
recent report by Munichandraiah et al.1 2 in which they observed no sig-
nificant increases in conductivity in totally amorphous polymers such as
commercial hydrins containing epichlorohydrin repeat units doped with
zeolite. The lithium ion conductivity is facilitated in the amorphous
phase through the cooperative motion of lithium ion and polymer
chains' 3 . It is also known that the addition of ceramic particle enhances

2.7 .9 S. 5 amorphous phase formation and at the same time raises the glass transi-
lO•IT tion temperaturetO that in turn reduces the segmental chain motion and

thereby would have a negative effect on conductivity. Thus, the effects
of ceramic additive has two facets: (a) it enhances the volume of the

Figure 2. Log o vs l/T of PEO:LiBF4 -50% Li3N mateial annealed at amorphous phase which should help the transport process. and (b) it also

increases the glass transition temperature that suppresses polymer chain
motion and thus the motion of the lithium ion. These two antagonisticTable i presents compositions, ambient temperature conductiv- effects of ceramic additive are schematically shown in Figure 3. These

ity, activation energies (273-323K) and general remarks of the compos- effects possibly account for small reported increases in the conductivity.

ite materials formulated in this investigation. It is apparent that there is Perhapsibly acc oun dases sthe anductivity

a significant increase in the ambient temperature conductivity as the Perhaps the ceramic-polymer grain boundaries structure and chemistry

lithium nitride was introduced in the polymer. The activation energy for may have an even more important role than the formation of amorphous

lithium ion conduction in the 273-323K varies from 27.2 to 38.81 kcal phase in the electrolyte. The grain boundaries are important because
lithm a lackofanyuctonsinsthent 273-323Ktr iend. Infgero the 5%. kand 2 these are the sites of high defect concentration which may allow faster

molfilms wih easlackofay pcnsistenttd. Ine gener, w the40 a 50% and 2 ionic transport. The chemistry and structure of the grain boundaries will

Li3 N films were easily processed. The films with 40% and 50% Li3 N be determined by the chemical compatibility between the polymer and
were slightly brittle and relatively difficult to process. the ceramic component. Reactive ceramic such as Li 3N and LiAIO 2

We intend to analyze the data of this work along with the data may give rise to more defect-rich grain boundaries than the inert ceramic

reported in the literature on composite electrolytes in view of the first such as SiO 2 and A12 0 3.

three prevailing issues in the development of commercially viable solid From the preceding experimental data and analyses, it is evident
polymer electrolytes; namely (a) conductivity, (b) transport number, and that large increases in conductivity resulting from the addition of
(c) lithium-electrolyte interfacial stability. The analyses would provide ceramic additives is not realizable because of their antagonistic influ-
a broader view of the attributes and drawbacks of these composite elcc- ce s notali zable beausetof therata i nu
trolytes. Accordingly, the following discussion is classified into the ences on the crystallinity and glass transition temperature.
three aforementioned categories.
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mer chain motion. The measured conductivity is thus comprised of
contributions from these two processes. Incorporation of a ceramic
additive suppresses the chain motion mediated contribution and thus it
must increase the contribution associated with ion hopping such that the
conductivity remains the same (the worst case). The ion hopping proc-
ess is more favorable for cationic species because of its small size and
mass than that of the anionic counterpart. This scenario as shown in

1 •Figure 4 suggests an enhanced cationic transport number as the volume
3 fraction of ceramic phase is increased.

1.0
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Figure 3. Schematic presentation of conductivity, glass transition 025
temperature, and degree of crystallinity relationship. Ciuisfo

ImntgmaHumbag

The fact that motions of polymer chains contribute to the trans- 1.0 0
port of lithium ion in the polymer electrolytes also has deleterious 0.02.5s 0.5 0.75suta

effects on the transport number. The chain motion also facilitates trans- Volume Fraction of Ceramic Phase

port of anionic species and thus the measured conductivity includes
contributions from both the species. Some of the polymer electrolytes Figure 4. Schematic representation of measured conductivity at ambient

have cationic transport numbers as small as 0.3f4. This poses a serious temperature, contributions from ion hopping and polymer

problem for their use in commercial rechargeable batteries. The general chain motion, and transport number.

observation that solid polymer electrolytes conduct very poorly near or

below the glass transition temperature, T 8, remains valid even today and In addition to the aforementioned relationship between the glass
should be an important guideline for future research and development transition temperature, decoupling constant, and transport number, there

efforts. Above the Tc, polymer chains have significant motion and they are well-documented experimental data on cationic transport number in

remain the primary contributor to the conductivity. Angelts5i
16 has solid electrolytes such as e-na20 3 , Li2o -SiO2 , and Li2 0-B 20 3 glasses.

analyzed the transport mechanisms in amorphous polymer electrolytes The cationic transport number in these electrolytes is very close to unity.

and glassy inorganic solids and generalized the concepts by proposing a Thus, in polymer-ceramic composite electrolytes although not yet meas-

parameter known as the decoupling constant, R. The decoupling ratio R ured, but the theoretical analyses suggest that these materials should

is defined as have very high cationic transport number.

wheremain the pris rcotru tr ration tihe onductvit. anelectrical In a lithium rechargeable battery, the lithium-electrolyte inter-

w ha l ze r t h e i t r u ct u relh a x ti os ti m e a n drp h o u p r is af a c e i s o f c r i t i c a l i m p o r t a n c e . D u e t o t h e e x t r e m e r e a c t i v i t y o f t h e l i th -

(conductivity) relaxation time. For glassy inorganic solids, at tempera- ium metal, most of the developed electrolytes passivate lithium. In par-

tures below their Tn, R can be of the order of 1013, whereas for polymer ticular, impurities such as oxygen and water tend to accelerate the pas-

electrolytes which are useful above Th, R can approach or even drop sivation mechanism and eventually consume the lithium electrode. The

below unity. Typically for solid polymer electrolytes, R is of the order
of 10"r, implying three orders of magnitude lower structural relaxation passivation of lithium electrode in non-aqueous-organic electrolyte is a

time than the electrical relaxation time. well-recognized and extensively studied phenomenon
17 . Croce et alt. 7

have investigated Lit(PEO)8 :LiCIO 4 , Li/(PEO)8 :LiCIO4 .thiAIO2 , and

In general, the decoupling index R is an indicator of the trans- LiIPAN-EC-PC:LiCIOs interfaces using AC impedance spectroscopy.

port number. The larger the value of R, the greater is the cationic t Among the three interfaces, the Li/(PEO) 5:LiCIO 4 -yLiAlO2 interface

port number. In the polymer-ceramic composite electrolytes, the glass exhibited the most stable behavior. Croce et al.7 speculated that the in-

transition temperature increases in proportion to the volume fraction of terfacial stability resulted from the scavenging ability of the ceramic

the ceramic phase. Przyluski et allo reported an increase of 50°C in Tg powder, y-LiAIO 2 in the electrolyte. Kumar et al. 9 reported suppression

when 20 wt% hydrophobic SiO2 was introduced to a PEO 11o$a1 poly- of the charge transfer resistance in a LiPEO:LiBF4 ILi cell by a factor of

mer. Angelnr has shown that at T/Te=I .2, the R value could be -102 three when a glass powder of the 0.4 B2 0 3 • 0.4 Li2m • 0.2 LiSO4 com-

and the transport number could be over 0.9. An increase of 50nC in Tr position was introduced in the polymer electrolyte. The charge transfer

values in most polymer electrolytes will bring the T/Tm ratio to 1.2 and resistance is an indirect indicator of the passivation phenomenon and

transport number around 0.9. interfacial stability. A few of these symmetric Li/composite electro-

lyte/Li cells were cycled for over 1,500 cycles at ambient temperature

The conductivity of polymer electrolytes originates from two with no obvious problems. Munichandraiah et a.l12 reported that at low
distinct processes, i.e., ion hopping and ion transport assisted by poly
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temperatures and low conce•tratios of zeolite. the exchange current fim
density for Li/Li÷ reaction in a Li/composite electrolyteUL cell
increases. The composite electrolyte consisted of hydrin elastomer I. J.E. Weston and B.C.H. Steele. Solid State Ionics 7, 75 (1982).
doped with LiBF4 and zeolite. The enhanced exchange current density
was attributed to the presence of zeodite. The composite electrolytes 2. S. Skaarup. K. West, and B. Zachau-Christiansen, Solid State

formulated in this investigation with a composition of PEO:IUBF 4 -50% lonics, 975-978 (1988).
Li 3N was also evaluated for Li-electrolyte compatibility. A
Li/composite electrolyte/Li cell was cycled at the ambient temperature 3. J. Plocharski and W. Wieczorek, Solid State lokics 2--& 979-982

with a current density of 100 pA cm-2 . The flow of current was reversed (1988).

every hour. The cell functioned for 150 cycles before failure. Although
this is a preliminary result, the Li-PEO:LiBF 4 -Li3N interface appears to

be reasonably stable. A 42, 55-60 (1989).

Rechargeable lithium batteries with ceramic electrolytes have 5. S. Skaarup, K. West, P.M. Julian, and D.M. Thomas, Solid State

been investigated by Bates, et al.18. They report virtually no degrada- lonics 40-41 1021-1024 (1990).

tion of Li/LiPON glass interface after 5,000 cycles. This result further
attests to the ultrastable characteristics of the Li-ceramic interfaces. Th 6 F. Capuano. F. Croce, and B. Scrosati. J. Elctchem. Soc.(1
electrolyte of the present investigation also contains nitrogen that may
form stable oxynitrides and tie up oxygen which is known to passivate 7. F. Croce, F. Gerace, and B. Scrosati, Proc., 35th International
lithium. Power Sources Symposium. Cherry Hill NJ, pp. 267-270 (1992).

The experimental evidences are numerous and consistent that 8. N. Munichandraiah. L.G. Scanlon, RA. Marsh, B. Kumar, and
the lithium/composite electrolyte interfaces are more stable and efficient
than that of Li-polymer electrolyte interfaces. The mechanism for the
improved stability and efficiency is not well understood. However, 9. B. Kumar, J.D. Schaffer, N. Munichandraiah. and L.G. Scanlon, J.
some proposals do exist in the literature and these include scavenging Power Sources 4.7,63-78 (1994).
effects of ceramic phase and screening of lithium electrodes with an in-
ert ceramic solid. It will take careful and sustained experimental studies 10. j. Przyluski, K. Such, H. Wycislik. W. Wieczorek. and Z.
to unfold the underlying mechanisms for improved interfacial stability. Florianczyk. Synthetic Metals 3.. 241-247 (1990).

Sunimary and Conclusions 1I. U.V. Alpen, A. Rabenau, and G.H. Talat, Appl. Phys. Lett. 20,621-
623 (1977).

A brief review of the state of the art of polymer-ceramic com-

posite electrolytes has been presented. Experimental data on 12. N. Munichandraiah. L.G. Scanlon, R.A. Marsh, B. Kumar. and
PEO:LiBF4 -Li3N composite electrolytes reveals that the addition of A.K. Sircar, Solid State lonics, to be published (1994).
Li 3N to the PEO:LiBF4 polymer increases the conductivity by about an
order of magnitude at ambient temperature. An analysis of a broader 13. B. Kumar, P.T. Weissman, and R.A. Marsh. J. Electrochem. Soc.
range of composite electrolytes with respect to their conductivity reveals 1N, 321-323 (1993).
that incorporation of a ceramic solid in a polymer matrix leads to two ef-
fects. The first one is the enhancement of amorphous phase which 14. M.B. Armand, in Polymer Electrolyte Reviews 1, ed. J.R.
should theoretically enhance conductivity. The second effect is an in- MacCallum and C.C. Vincent, pp. 10-12 (Elsevier Applied Science.
crease of glass transition temperature with increasing volume fraction of 1987).
the ceramic phase which should reduce conductivity due to the fact that
the polymer chain assisted motion of the conducting ion is suppressed. 15. C.A. Angell, Solid State Ionics 2910, 3-16 (1983).
These two effects are antagonistic in nature and perhaps account for a
relatively small increase in conductivity in polymer-ceramic composite 16. C.A. Angell. Solid State lonics JIM. 72 (1986).
electrolytes. Although the benefit from the conductivity point of view is
small, all the available information suggest these composite electrolytes 17. K.M. Abraham and S.B. Brunner, in Lithium Batries, ed. J.P.
should have high cationic transport number due to decoupling of struc- Gabano, p. 371 (Academic Press, London, 1983
tural and electrical relaxations. Perhaps the possibility of cationic trans-
port number augmentation is the most important feature of these corn- 18. J.B. Bates. N.J. Dudney, G.R. Gruzalski. R.A. Zuhr, A. Chandhury.
posite electrolytes. Preliminary experimental data on interfacial electro- C.F. Luck, and J.D. Robertson, J. Power Sources 43. 103-110
chemistry of lithium-composite electrolyte interfaces reveals promising (1993).
future. These interfaces are believed to be stable and efficient.

It should be stated here that the electrochemical data on the
composite electrolytes is still scarce; nonetheless, they appear to possess
many beneficial properties that may lead to their use for commercial
purposes.
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Many routes are presently pursued with the goal of obtaining new our investigations on nanocomposite polymer electrolytes (NCPE) and

materials which could improve the performance characteristics of lithium LNCPE as well as indicate the great application potential resulting from the

polymer batteries. Most of the efforts are concentrated on new flexible utilizaf an of polymer nanocomposites of different structure and morphology

polymer electrolytes. Unfortunately, polyethylene oxide (PEO) , which has in lthium polymer batteries. Since experimental procedures connected with

been the widest studied polymeric matrix is highly crystalline at ambient synthesizing, handling and analyzing of electrolytes have significant influence

temperature. This limits its conductivity since ionic conductivity is associated on their electrochemical properties, a substantial part of this paper will deal

with the amorphous PEO phase. Various methods have been applied in order with the experimental techniques applied in studies on electrolytes discussed.

to obtain amorphous and highly conducting PEO-based polymer electrolytesI.
However, some methods require complicated synthetic procedures or lead to
soft liquid-like systems of poor mechanical and electrochemical stability and
are environmentally hazardous. Alternatively, the more advanced polymer
electrolyte systems may involve interpenetrating polymer networks and High molecular weight (M.w.=400,000) PEO, A120 3 of particle size
composite polymer - ceramic systems. It has been shown that the addition of less than 10Ipr and anhydrous acetonitrile (ACN) of less than 50 ppm of

fine inorganic fillers to PEO based polymeric electrolytes can improve water were received from Aldrich Chemical Co. LTD. High surface area

mechanical and electrochemical stability of polymer matrices as well as A12 0 3 of particle size 13 tn and 24 nm were obtained from Degussa Corp.

increase their ambient temperature ionic conductivity 2 '3 . Liquan suggested and Nanophase Technology Corp., respectively. Ultra-dry LiBF4 containing

that there is a reciprocal relationship between the ionic conductivity of less than ippm of water was obtained from Alfa-Ceaser and used as received (

composite polymer electrolytes (CPE) and the ceramic particle size4 . This the glass ampoules of anhydrous salt were opened in a drybox under a helium

observation was also confirmed by Wieczorek and Scrosati who stressed the atmosphere just before using) The lithium metal (Alfa) was in the form of a

importance of grain boundary effects5 '6 . Taking into account these ribbon of 0.3 mm thickness. It was rinsed with a mixture of freshly purified
observations and assuming that in polymeric nanomaterials the ceramic grains hexane and heptane to remove the oil present on its surface (the oil coating
are so small that the relatively large volume of the solid mixture consists of applied by the manufacturer inhibited any possible surface reaction of the

grain boundaries or interphase regions, we have initiated investigations on lithium during storage) and dried prior to use. Since experiments dealing with
CPE containing ceramic species with at least one dimension in the range of lithium passivation (e.g. stability and transport number measurements) need a
10-30 nanometers. Polymer Nanocomposites represent a new and rapidly properly prepared electrode, the lithium bulk material was scraped to a

developing family of materials with many interesting properties which are not metallic luster in a drybox just before using.
available in conventional micro-sized composites7 ,8 . Our investigations cover A120 3 , molecular sieves and PEO were dried over P20 5 under

classic systems obtain by randomly dispersing nanosized (10-40nm) ceramic vacuum for 48 hours at 150 0 C, 2000 C and 500 C respectively. Anhydrous
grains in a polymeric matrix (Fig.lc) as well as layered nanomaterials recently ACN was additionally dried and stored over dry molecular sieves which

developed by Giannelis and composed of alternating ultra-thin rows of decrease the water content of the solvent to about 10 ppm.

ceramic and polymer 8 (Fig.la). Initial results of our investigations have shown LNCPE were synthesized in Prof. Giannelis' Laboratory, Cornell
that both ionic conductivity and interfacial stability of CPE can be further University, Ithaca, NY, according to a previously described procedure9 .

improved by decreasing the ceramic particle size to the range of Peation of Electrolytes

nanometers9 , 10 . Moreover, the Layered Nanocomposite Polymer Electrolytes All electrolytes have been prepared and stored in a series of dryboxes

(LNCPE) create a new and very promising family of composite electrolytes of (Vacuum Atmospheres Corp.) equipped with a vacuum oven (Vacuum

single ionic conductivity. ( Another extremely interesting approach to obtain Atmospheres Corp. He-533) and devices for removal and analysis of oxygen
CPE of single ionic conductivity was recently presented by Peled ct. al. I I who and water. The oxygen and water content of the He in the inert atmosphere
,within the contract sponsored by NASA, developed a method of covering box was measured continuously with a calibrated 02 sensor (Vacuum

nanosized A120 3 particles with Lif followed by carefully dispersing the Atmospheres Corp. A/C 316-H) and a solid state moisture sensor (Vacuum
covered particles in a polymer matrix.). Atmospheres Corp. AM-2). both of tlem sensitive to< 0. 1 ppm.

The 02 and H2 0 in the dryboxes was kept below 10 ppm and Ippm,
We have also started initial investigations on the use of nano-sized respectively. Transfer of the materials between dryboxes was performed by

insertion materials, instead of the more commonly used microparticles, as the using hermetically sealed He-filled glass vessels and dessicators, both
components of composite cathodes to enhance cathode utilization through equipped with O-rings.

increased surface area and ionic conductivity. Initial results of work sponsored The thin films (40-80 urm) of CPE were prepared as follows. The
by DARPA on vanadium oxide based cathodes, reported recently by Owens mixture containing 20-22 cc of acetonitrile, 1-1.5g PEO and appropriate
and Smyrl. showed enhanced discharge capacity with decreasinf particle size weighed quantities of LiBF 4 and, whenever required, A120 3 was introduced
(from 70pro to less than I ma) along with faster discharge rates I. This feature into a 50 cc sealed mixing chamber of an OMNI Mixer-Homogenizer and
was explained by the diffusion of lithium through the ceramic particle which is stirred ,with periodic interruptions, for 4 hours at 10000 - 16000 rpm. The
able to reach equilibrium lithium ion concentrations in a shorter time in the ratio between the number of monomeric units CH2CH 2 0 and the number of
case of smaller particles. Because nanosized MnO2 and TiO 2 are lithium in the salt (O/Li) was in all cases fixed at 8/1. The homogeneous
commercially available and nanosized vanadium oxide is already produced on solution was then transferred into a 30 cc sealed chamber of the OMNI

a laboratory scale, the application of these materials in composite cathodes Ultrasonic Processor where the solution underwent ultrasonic agitation for 1-2
seems very promising. minutes at 20000 KHz, to avoid secondary agglomeration of ceramic particles

and remove gas bubbles present in the solution which could significantly affect
Despite a significant number of papers reviewing the properties of the casting process. The degassed and warm homogenous solutions were

different CPE's , a number of important issues involved in both the conduction immediately cast onto fine polished teflon molds and introduced into a
mechanism and the behavior of CPE's in contact with electrodes, are poorly vacuum dessicator. Then the acetonitrile was slowly (24 hours) evaporated
understood. In most cases, the crucial factors such as the moisture content and under vacuum and quantitatively collected in liquid nitrogen traps. All the
ceramic particle size, distribution and electrostatic properties, were not electrolytes obtained in this manner were conditioned for 48 hours over P2 05
reported. These issues need focused attention and satisfactory solutions before under vacuum at 50 OC and stored in a drybox. in a vacuum dessicator over
CPE-based rechargeable lithium polymer batteries become commercially dry CaSO4 . Homogeneity as well as size of ceramic particles and their
available on a wide scale. In this paper we will briefly summarize the part of distribution in the electrolytes were continuously monitored by Scanning
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Elertron Microscopy (SEM). By this very fast, fully controlled aid observation is similar to thai found by Scrosau for (PEO)gLiCIO 4 - y LiAO2
environmentally friendly procedure, homogenous polymer electrolyte thin system 

13 
and contrary to data reported for systems doped with sodium salts. I

films -,,h no evidence of powder agglomeration, were routinely obtained. Recent studies on NMR imaging of amorphous phase of (PEO)gLiCIO4 - y
Elecohmial Meuret LiAIO 2 system indicated that the local dynamics of the Li ions, in particular

All electrochemical experiments were carried out utilizing an EG&G the Li mobility, is not changed by adding the y LiAIO 2 filler what supports
PAR Model 5210 lock-in amplifier and Model 273A Potentiostat/Galvanostat the idea that the enhancement of conductivity by adding a filler is caused by
controlled by EG&G PAR Model 270 Research Electrochemistry Software stabilizing and increasing the fraction of amorphous phase1I. However, the
(d.c. polarization) or Model 398 Electrochemical Impedance Software fact that characterized by similar Tg values and similar degrees of crystallinity
(conductivity and stability measurements) operated by a 486 GATEWAY (Table 1) samples containing the same amounts of nanosized or microsized
2000 computer. Ac impedance was measured with 5 mV ac signal over a A1203 show different ionic conductivities over a broad range of the
frequency range of I00 KHz to 0. 1 Hz, and in some cases down to 0.01 Hz, at temperature once again proves the importance of grain boundary effects which
6 points per frequency decade. In order to obtain the impedance parameters, are clearly visible at ambient temperature and remain noticeable up to 1000C.
all the experimental spectra were analyzed by means of Boukamp's Equivalent Similarlmrhooibehabiour felerote cntaining A p o 1arou
Circuit Software. Version 4.5 The fitting procedure was terminated only when Similar morphological behaviour of electrolytes contanng A1203 Of various
the relative errors of impedance parameters remained generally confined particle size was confirmed by polarizing microscope studies at different

below 5% (X
2 

fitting parameter < 5x10-
5

). temperatures ( Figure 4).

Disc samples of electrolytes were sandwiched between two equivalent metallic
lithium (Li) or stainless steel (SS) electrodes (Electrode surface area 3.14 cm

2  Figure 5 presents the changes of interfacial resistance versus time

or 1 cm
2

). The CPE or Li/CPE/Li systems were introduced between two recorded at 70
0

C for (PEO)gLiBF 4 - A12 0 3  electrolytes of different

metallographic grade polished , parallel stainless steel (SS) current collectors, composition sandwiched between two lithium electrodes. Previous works

The collectors were ke t under a constant mechanical pressure of suggested than the evolution of interfacial resistance with time can be
approximately 10-12 lb.in.' by using calibrated spring loaded terminals. 'Me associated with continuous growth of a resistive layer on the Li electrode

universal "three electrode" design of the cells allows for the introduction of a surface where the passivation laer is a product of the corrosion reaction of Li
reference electrode by inserting, during cell assembly, a 10tpm Ni or At wire with electrolyte componentsI . To monitor the morphological changes

between the two layers of electrolyte and plating the wire with lithium from ocur or Ex inaterphaso e n developed the SEM technique allowing

the negative electrode. All samples for the electrochemical measurements were for post-mortem examination of the interphase. An exemplary photograph of

prepared and loaded into sealed electrochemical vessels (each equipped with Lii/(PEO)gLiBF4 - 20wt% nano-sized A12 0 3  interphase after 2 hours of
interear and e lo winroseaed con ctionsahermcouple vesselsacheuipped near ithe cstorage is presented on Figure 6. The changes of interfacial resistance in termsinternal and external wire connections and thermocouple placed near the cell) of moisture content, ceramic particle size, equivalent circuit analysis and
in the drybox The electrochemical vessels were then removed from the ofmitrcneteaicptclszeqvlnticutnlysadpassivation layer models that are available in the literature were discussed
drybox, immersed in the thermostat and the wire leads were connected to the previously10

. It can be seen (Figure 5) that both the NCPE and conventional
measuring equipment. The temperature of samples inside the electrochemical micro-sized CPE are much more electochemically stable in contact with the
vessel were constantly monitored with an accuracy of 0.5

0
C. Li electrode than undoped (PEO)rLiBF4 electrolyte. Stability of NCPE's in

The ionic transport number of lithium in CPE's studied, was evaluated by the contactroith undores wiBFh electrolyte omposition Nchin
combination of complex impedance and potentiostatic polarization using contact with lithium varies with the electrolyte composition reaching thelithium electrodes. LiICPE/Li cells were conditioned at 80°C for 3 hours and optimum for a system containing 20 wt% nano-sized alumina.

One can also observe that the interfacial resistance of the electrolyte
then polarized at the same temperature using a voltage of 20 mV for 6-48 containing nanosized A120 3 is much lower than the interfacial resistance of
hours. Currents were recorded as a function of time until the current was the analogous microsized electrolyte indicating the importance of greatly
changing by less than 0.5% in 30 min. reaching so called "steady-state" value, increased ceramic surface area for stabilizing the interphase. Figures 7a and 7b
The cell impedance was measured just before and after polarization to enable show the evolution of Li/(PEO)gLiBF4 - lOwt% nano-sized A12 0 3 interphase
correction for the effect of interfacial resistance, resistance as a function of time at 70 0

C for electrolytes containing 200 ppm
Ionic conductivity was determined from the a.c. impedance measurements and 1.5% of moisture, respectively. The influence of the moisture content on
with SS/CPE/SS cell configuration, over the temperature range -20 to 100 oC. the stability of electrolytes is clearly visible. The interfacial resistance of the
The measurements were made every few degrees during heating. After sample stored in the drybox, in a vacuum dessicator over dry CaSO 4 (moisture
reaching the desired temperature, the cell was kept at that temperature for 30- content below 200ppm) is much lower than for the sample exposed for a long
45 min to assure the temperature equilibrium of the sample before the time to drybox atmosphere (moisture content 1.5%). Other experiments have
measurement was made. Most of the measurements were done at the open shown that the moisture content in the electrolytes exposed for a short time to
circuit potential (OCP). The a.c. ionic conductivity was calculated from the the air can rapidly increase reaching the equilibrium value (3-8%) which
complex impedance plot with nonlinear computer curve fitting. depends on electrolyte composition. Thus, to allow comparision of the
The interphase resistance and/or Li-CPE interface were studied by means of stability of different electrolytes versus lithium electrode the experimental
a.c. impedance spectroscopy applied to Li/CPE/Li cells at a temperature of methods, material characteristics and especially moisture content should be
70

0
C. The change of the impedance was continuously monitored for the first described in detail.

100 hours after cell assembly when most of the investigated phenomena The electrostatic charge and surface structure of the ceramic probably affect
occurred. not only conductivity and stability of NCPE but also the interactions between
Moisture Determination the filler grains and ions present in the system since the Li+ transport number

Determination of the water content of the electrolyte materials by measured at 80
0

C for NCPE (t+=0.24) is slightly higher than analogous value
Karl-Fisher technique was carried out on an automatic Mitsubishi Moisture for undoped electrolyte (t+--0.20). Aluminum Oxide tends to develop an
Meter Model CA-06 equipped with Mitsubishi Water Vaporizer Model VA- electrostatically positive charge in contact with polymers - in contrast for
06. The moisture content in electrolytes were usually kept below 200 ppm. example, to silica particles which become charged negatively

17
. One cannot

also exclude the influence of hydrogen bonding between anions and OH
Sand groups present on alumina surface.

Figure 2 illustrates the temperature dependence of the ionic Table 2 presents the ionic conductivity values of LNCPE (Fig.la)
conductivity for (PEO)8LiBF 4 - A120 3 nanocomposite electrolytes of various obtained by infusing the galleries existing between the montmoriilonite nano-
compositions. For comparision, the temperature dependence of conductivity layers with PEO chains

9
. For this type of LNCPE . the isomorphous

measured for (PEO)8LiBF 4 and (PEO)sLiBF4 - 10 wt% micro-sized A120 3  substitution of silicon by aluminium in the ceramic layers creates a delocalized
electrolytes are also included. One can observe that ionic conductivity of negative charge balanced by lithium cations residing in the galleries what leads
NCPE's varies as a function of nanoceramic content. At first the conductivity to systems of single ion conductivity. As can be seen from the Table 2, the
increases with the addition of A120 3 reaching a maximum value for ionic conductivity of LNCPE changes slightly in the temperature range from
electrolytes containing 10 wt% nano-sized A120 3 . After that, the conductivity io Cond aching the temperature range froa
decreases gradually and for samples containing over 30 wt% of alunina falls 0sC to 70°C reaching the room temperature value of 1u.6x0i 

6 
Sicm for adown below the values received for the undoped (PEO)sLiBF 4 system. The system containing 40 wt% of PEO. The 

7
Li NMR studies (Figure B) on

downbelw te vlue recive fo th unope (PE)8LBF4sysem.The LNCPE show a single. motionally narrowed resonance at room temperature.
ambient temperature ionic conductivity values obtained for NCPE's of 10 wt% le sH a sie. mordo rowe ronanceat erat ure
of alumina are one order of magnitude higher than values measured for The 

2
H NMR spectra recorded for LNCPE containing deuterated PEO wereanalogous systems containing microsized alumina. Moreover, the ionic very similar to amorphous bulk PEO and their temperature dependence wasanalgou sytem cotaiingmicosied lumna.Morove, te inic strongly correlated with motional narrowing seen in 7LD NMR 9 indicating

conductivity of optimized CPE exceeds the values recorded for undoped strong correl ithr motion al n arr on sn infused P caing
(PEO)gLiBF 4 systems over the whole studied temperature range even at strong mutual interactions between lithium cation and infused PEO chains.
temperatures higher than thePEO melting point (Figure 3). The present

241



The short review of our initial, exploratory works on nanocomposite polymer
electrolytes has demonstrated tha the application of annomatesals a
components of solid electrolytes can greatly enhance the electrochemical
properties of electrolytes in comparison to other composite polymer
electrolytes developed up to date. The following conclusions can be drawn:

The ionic conductivity of the optimized NCPE (>10"5 S/cm) is about
one order of magnitude higher than that for conventional CPE of analogous
composition which confirms previously suggested inverse relationships
between ionic conductivity and ceramic particle size, proving the importance
of grain boundary effects in conduction processes. The influence of ceramic
particles on ionic conductivity can be also interpreted in terms of electrostatic
interactions and surface structure of the ceramic grains.

The use of nano-sized ceramic particles leads to substantial
improvement of the stability of composite electrolytes in contact with lithium
electrodes, which reflects the influence of the greatly extended surface area of
the nanoceramic powder. The passivation processes observed can be explained
in the light of various models proposed in the literature and, in case of
NCPE's; the most adequate seems to be Solid Polymer Layer Model. Our
investigations have also demonstrated a strong relationship between the
electrochemical properties of electrolytes and experimental methods used for
their synthesis. The dispersion degree of the ceramic primary particle size in
the polymer matrix and moisture content of the electrolytes strongly affects the
stability of composite electrolytes in contact with lithium electrodes. Thus, to
allow comparisons of data obtained in different laboratories, the experimental
methods applied for studies should be described in detail. Moreover, most of
the works on passivation phenomena occurring on polymer electrolyte/lithium
interface is based on equivalent circuit models adopted from studies on
nonaquous electrolytes and subjectively adjusted to polymeric systems. Since
the quantitative analysis of the interface in terms of equivalent circuit models
should be connected with analysis of the interphase composition, there is a
need to develop the new techniques allowing to study morphology and
composition of passivation layers. Of great importance seems to be also the
application of statistical analysis (based on F-test) which can determine the
adequacy of different models to describe a.c. impedance data, establish
accuracy of parameters estimation and allow to choose the model of
statistically optimal fit. Only the combination of all the techniques mentioned
above can lead to correct explanation and simulation of passivation
phenomena studied.

The layered nanocomposite solid polymer electrolytes of RT single
ionic conductivity of 10-6 S/cm create the new family of solid electrolytes of
extraordinary properties. It seems, that the conduction processes taking place
in the polymer nanolayers do not obey any of proposed ionic transport theories
and models developed up to date for polymer electrolytes. An idea of
directional conducting polymer nanolayers or nanotubes forms an innovative
and very promising approach to synthesize polymer electrolytes of enhanced
properties. This idea can be extended in the future on electrolytes consisting of
polymeric macrochannels created by crosslinking certain macromonomers in
their tubular mesophase status. In our laboratory we started the initial works
on computer modeling of such systems, which confirmed the high lithium
mobility.

The application of nanomaterials as components of both polymer
electrolytes and composite cathodes can lead to build so called "nanobattery"
of increased burst power and enhanced performance characteristics.
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Figure I Schematic representation of the structuire of composites studied in
this work: a) single polymer layers intercalated into ceramic
galleries, b) ceramic layers dispersed in continuous polymer matrix,
and c) conventional composites composed of ceramic grains finely
dispersed insa polymer matrix.
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Figure 2. Ionic conductivity versus the inverse temperature of composite 4
(PEO)S LiBF 4 - Al20 3 polymer electrolytes at various compositions.
(e) 0wt% A12 03 ., (A) 5wt% nanosized A120 3,,(0)l10wt%

nanosized A1203 , ( ) 20 wt% nanosized A1203. ( x ) 30 wt%
nanosized A1203,, ( +) 10 wt% microsized A1203

Al 701 lwt.%l T I foci Tm [0C1 PEO
-_C__r_ ___-_- . ... 1siallinit_ -__ __

pristine PEO - 64 97

0 -38 58 _______

1 -37 55 53
3 -38 53 51

___5 ____ -37 54 51

50______ -37 53 51

10 -37 48 28
10* -33 44 21
20 -38 52 30

20* -35 56 41
30 -38 52 53

F 50 -57 59

Table 1. DSC data for Nanocomposite Polymer Electrolytes containing A12 03
grains of Brim. (* -sytems containing conventional microsized (<I10 Figure 6. SEM piotograph of Li (PEO)8 LiBF4 -20wt% nanosized A12 03""0) alumina). freezed-fractured interpolase. Scale bar = I Im
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THIN LAYER Li/CFx CELLS WITH POLYMER ELECTROLYTE
Donald Foster and Paul Bramhall

Army Research Laboratory(EPSD), Ft. Monmouth, NJ

Abstct Table 1
Comparison to Theoretical Energy Density of

High energy Li/CFx primary button cells with CF. with Other High •nergy Positive
plasticized polymer electrolyte have been evaluated for the Materials for Lithium Batteries
effect of elevated temperature and thin layer electrodes on
cell performance. The electrolyte could be crosslinked by a Positive Material Capacty Enerly Density
thermal curing process allowing a greatly simplified method _ _ _ _ _ /kg
of making the polymer batteries. The usual methods for
making liquid electrolyte button cells were performed. After CF. .894 2190
assembling and sealing the the cells, the electrolyte was 554 1370
cured thermally immobilizing it to a gel. The conductivity of Ni.4
the electrolyte after curing was found to be 4 X 10-3 S/cm at CuP .525 1650
250C. The Li/CFx were tested over the temperature range SOCl= .451 1578
of 25 0C to 1000C and rates varying from 0.1 mA/cm 2 to 2
mA/cm2. Full CF capacity was realized at 1 mA/cmZ. Full SO2Cl2  .397 1468
CF capacity was realized at I mA/cm 2 continuous discharge
at 850

Introduction

We have developed laboratory scale, thin layer This work explores the capability of Li/CFx batteries
polymer electrolyte Li/CFx cells and tested them for high with polymer gel electrolyte. Small button cells were used
energy and high power applications. Future anticipated as a test vehicle. To overcome the anticipated problems of
technological advances such as the cooling unit for the low rate capability for Li/CFx with polymer electrolyte, thin
soldier system demand power sources with extremely high layer electrodes were used to increase the overall surface
energy and power densities, high durability and safety for area, a gel electrolyte was used with high conductivity, and
both the user and the environment. The characteristics of cell operation at elevated temperatures was explored.
lithium batteries in regard to the above requirements are
primarily determined by the materials used for the cathode Cell A. mbiy
and the electrolyte. Because gel and polymer electrolytes will not flow, a

Carbon monofluoride, CFx (x=l), has been studied different cell fabrication procedure is required. Conventional
and employed as a cathode active material for lithium cell construction for lithium batteries with liquid electrolytes
batteries for many years [1]. Table 1 compares the energy consists of a porous nonwoven separator made of a
density of Li/CFx to several other high energy lithium cells. polymeric material such as polypropylene or Tefzel
Li/CFx has one of the highest energy densities of any sandwiched between the lithium foil anode and the porous
electrochemical couple, has a good safety record and is cathode layer. The liquid electrolyte flows into the pores of
considered to have very good storage characteristics, the separator and cathode providing a path for ionic
Further a CFx cathode contains no heavy metals as most conduction throughout the cell and cathode layer.
cathode materials do. This makes CFx one of the most
environmentally safe battery systems. Low to moderate rate Solid polymer and gel electrolyte cells are constructed
capability, however, has precluded it from consideration for by mixing the solid cathode and polymer electrolyte
many applications of interest to the U.S. Army. materials and casting or extruding a solid composite thin

layer cathode. Likewise, the electrolyte is usually a free
Likewise it has been recognized [21 that polymer standing solid film or a solid coating on the anode. The

electrolyte batteries could provide improved safety and completed cell consists of a solid polymer electrolyte layer
handling features over conventional liquid electrolyte between a solid lithium foil and solid composite cathode.
systems. Advantages that could be attributed to polymer
electrolyte cells are: thin film or thin layer cell construction, This method requires the thin polymer electrolyte to
bipolar multicell battery construction and greater safety act as electrolyte and separator. Ultra thin layers of heavily
under conditions such as shock, puncture or flame. plasticized polymer electrolyte may not have the strength to

resist penetration of small irregularities in the electrode
Batteries with polymer electrolyte are very low rate surfaces. This can result in cell short circuit. Cell

compared to liquid electrolyte batteries, however, due to the performance could further be affected if the lack of a binder
low conductivity of the polymer electrolyte [3]. To solve the in the cathode allows degradation due to volume changes
problem, liquid plasticizers have been added to improve the that occur during cell operation.
conductivity of the polymer. These plasticized polymer
electrolytes can be thought of as a liquid contained by the The procedure for making the cells used in this work
chains of a high molecular weight polymer forming a gel. is very similar to the techniques used for liquid electrolyte
Gel electrolytes have been found to have conductivities systems. It is based on the electrolyte which contains a
approaching liquid electrolytes while in principle maintaining crosslinkable polymer. The electrolyte changes from liquid to
the advantages of an immobilized electrolyte [4]. gel when it is cured thermally. The cathode was rolled using
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a Teflon binder onto a foil substrate forming a porous layer. tested over a temperature range of 25oC to 1000C.
The electrodes were separated by a thin microporous inert Temperature control was maintained with a Tenney
material which is completely insoluble in the electrolyte temperature control chamber.
plasticizer. The cells were made by soaking the separator
and cathode with the liquid uncured electrolyte. After cell Resu
assembly and sealing, the cells were heated to cure the
electrolyte thermally. The result is a cell with an immobilized Figure 2 shows a plot of the conductivity of the gel
electrolyte but with an solid separator and cathode binder as electrolyte in this work. At 25oC the conductivity is 4 X 10-d
used in most liquid electrolyte batteries. Figure 1 is a S/cm and at 850C it is over 10-2 S/cm. Although this is still
diagram of the finished cell. less than the very best liquid electrolytes, it is well above

results for the unplasticized polymer systems.

LIx Anode Lid 1 00

LiCFx BUTTON CELL r- Lithium An ode

i Gel Electrote Layer

('- 10-1

Gasket

CFx Cathode

Cathode Can

810-

Figure 1. Li/CFx button cell with gel electrolyte. 85%MLiAsF6 inPC,10%PEG-A. 5%PEO (gel)

Experimental Procedure

0 18 36 54 72 90 108 126 144 162 180
The electrolyte was a mixture of the following TmE'IrATJR, CC

composition: 1M LiAsF6 in propylene carbonate 85%, Figure2. ConductiVity of gel electrolyte.
polyethylene glycol diacrylate PEG-DA 10%, polyethylene
oxide PEO (MW=5,000,000) 5%. A small amount of
2,2'-azobisobutyronitrile (AIBN) was added as a crosslinking Figure 3 shows the effect of current density on the
initiator. The components formed a clear viscous liquid performance of Li/CFx cells at 250C. The capacity
solution. decreases rapidly with increasing rate. Increasing the

temperature greatly improves the performance of the cell.s
Conductivity measurements were done in glass as shown in Figure 4. The rate capability of the cells steadily

conductivity cells with platinum electrodes. The cells were improved with temperature up to 85C. Figure 5 shows
filled with the viscous liquid electrolyte. The cells were how the performance varies with rate at 850C. Further
heated at 700 C for at least an hour to cure the polymer increases in temperature did not improve the performance.
electrolyte. A.C. conductivity measurements were made at 1 It has been shown [5] that at temperatures over 850C
kHz. Temperature control was maintained with a Tenney sealing materials such as the polyethylene gaskets used in
temperature control chamber. After curing the polymer this study undergo significant degradation at temperatures
became a clear gel. over 850 C.

Cathodes were produced by rolling CFx, carbon and
Teflon dispersion in a water and isopropyi alcohol mix. For C, C"ldt'l 7 n•/h
cathodes produced in house, fluorinated graphite CFx
(0.95< x > 1.05) was used. The cathodes were rolled thin to 4.0 . .

a thickness of 20 to 100 microns on 25 micron thick 3,s
aluminum foil. CFx cathodes were also provided by Ray-O-- 32

Vac Corporation for this study. These were also on
aluminium fr rJ. 28

The cells are assembled with the viscous liquid ,0.mAlcm2
electrolyte before covering. The cell electrodes were 2 cm2 12.0

in area. Porous Tefzel separator and the rolled CFx and
carbon cathode were both soaked with the viscous liquid 12" mA/cm2
electrolyte. Because there was considerable free volume on

the button cell package containing the very thin polymer 0.9

electrolyte cell, a small spring assembly was used to keep OA 0.4 mAic2

pressure on the cell and insure good electrical contact 0,0
throughout discharge. After assembly, the cells are crimp a 2 4 68 10 12 14 1 8 1 20
sealed and then stored at 700C for 90 minutes to cure the CAPAXrY CM

electrolyte. Figure 3. Dischage of three LVCFx cells

Cells were discharged at constant current load with with gel electmlyte at 250C.

an AMSEL model 545 galvanostat electrometer. Cells were
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Figure 4. Discharge of Li/CFx cells with Figure 5. Discharge of two Li/CFx cel
gel electrolyte at 850C and 250C. with gel electrolyte at 850C.

characteristics.
Figure 5 shows that even at 850C, the cells operate at

a reduced voltage at rates over 1 mA/cm 2 at the beginning A gm men
of discharge. These two cells had cathodes containing only
5% carbon as a conductive additive to the CFx cathode. The authors thank Dr. Sid Megahead of Ray-O-Vac
Cells with cathodes containing 15% carbon as shown in Corporation for providing some of the CFx cathodes used for
Figure 4 showed a much flatter discharge curve. this study.

Varying the cathode thickness from 50 micron to 100 References
micron was not found to effect the performance.
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POLYMER ELECTROLYTE BASED SYSTEMS

D. Fauteux, A.A. Massucco, M. McLin, M. van Buren, and J. Shi
Arthur D. Little, Inc.

Acorn Park
Cambridge. USA, 02140-2390

ABSTRACT
The previous characteristics of polymer electrolyte based composite
cathodes; high active solids content, uniform porosity, and reduced

Performance of electrochemical test cells using composite cathodes thickness, impose severe processing constraints.

based on commercially available V 20 5 and LiMn2 0 4 , and a
LiMn 20 4 produced by a continuous process developed at Arthur D. In the following report we summarize the results obtained during

Little are compared. Three electrode systems were evaluated in 1) the characterization of lithium intercalation materials in three

a liquid electrolyte (PC-LiCI0 4 ), 2) a PC-based gel electrolyte, and different electrolyte systems: a liquid electrolyte system (PC-

3) a polymer electrolyte conductive at ambient temperature. The LiCIO 4), a PC-based gel electrolyte system, and a solvent free

LiMn20 4 produced using Arthur D. Little process has large and polymer electrolyte system. LiMn2O 4 produced from two different

controlled specific surface area and porosity. Consequently this processes, the first one commercial, the second proprietary to

material shows higher exchange current density and higher lithium Arthur D. Little, and commercial V2 0 5 have been evaluated and

intercalation capacity than some commercially available type of their performance are compared. The Arthur D. Little LiMn 2O 4 has
LiMn2 0 4 . been produced using a continuous process which yield small

LiMn 20 4 particle of high surface area and high porosity. The "as
produced" small particle LiMn 2O 4 has a bimodal particle size

INTRODUCTION distribution centered around average particle sizes of I pam and 4
pm, and a surface area of approximately 18 m2/g. Subsequent

The successful development of a solid polymer electrolyte based processing of the Arthur D. Little LiMn2 0 4 yielded small particles

lithium rechargeable battery technology will require in addition to in which the dimensions and surface area yielded a single mode

the development of polymer electrolytes, the development of distribution centered around an average particle size of 0.6 Pmn.

highly reversible high energy density composite cathodes. Although
V 601 3 has been extensively used in the past in the formulation of
polymer electrolyte based composite cathodes its use in a EXPERIMENTAL
"commercial" battery system is compromised because of its low
average discharge voltaget (2.4 Volts versus Li+/Li°). It is most Liquid electrolyte system: A I molal solution of LiCIO4 (Aldrich)

likely, for the near term development and demonstration activities, in propylene carbonate, PC, (Aldrich) was used as the base line

that the polymer electrolyte based composite cathodes will be based formulation for the liquid electrolyte systems. These liquid

on high voltage lithium intercalation materials such as LiCoO2 , electrolytes contained less than 40 ppm of water, as determined by

LiNiO 2 , LiMnO2 , and LixMn 2 0 4 . These materials generally require Karl-Fisher coulometric titration.

charge voltages in the range of 4 to 4.5 volts versus Li+/Li°,
consequently necessitating electrolytes which are stable in oxidation PC-based gel electrolyte system: A PC-based gel electrolyte was

to a voltage above 4.5 to 5 V. Few polymer electrolyte systems obtained by the admixing of UV-curabled polymer precursors, PC,

have clearly demonstrated this range of electrochemical stability, and a lithium salt. These gel electrolytes were UV-cured (-200 W)
for 1-2 minutes after being over-coated onto the cathode.

In addition, polymer electrolyte based composite cathodes must Polymer electrolyte system: A polymer electrolyte was obtained by
contain a large volume and weight fraction of the lithium the admixing of curabled polymer precursors, a low vapor pressure
intercalation material in order to achieve a high energy density. plasticizing compound, and a lithium salt. These polymer
Most if not all of the polymer electrolyte based composite cathode electrolytes were cured either thermally or with UV light after
formulations reported to date also contain an additive, such as being over-coated onto the cathode.
carbon or graphite, to improve electronic conductivity. Because of
the lower ionic conductivity of polymer electrolyte systems, Cathode materials characterization: All cathode materials were
compared to liquid electrolyte systems, the composite cathode characterized using a Phillips model 120-1010 x-ray diffractometer
structure must also provide sufficient equivalent porosity to enable (Cu Kal, 1.5405 A) . Topography and surface morphology were
ion diffusion in and out of the composite cathode structure without qualitatively evaluated using SEM, Cambridge Stereoscan 200.
imposing additional polarizations. Generally composite cathode Surface area, pore volume distribution, and pore size distribution
structures are also maintained fairly thin, in the order of 25 to 75 were measured using N2 adsorption (Micromeretics ASAP2000)
pm, in order to optimize the utilization of the active cathode and Hg intrusion (Micromeretics PoreSizer 9320). Densities,
material capacity. (envelope and skeletal) were measured using Hg intrusion and

helium pycnometry (Micromeretics 1305). Particle size and particle
The role of the uniformity %f the particle and of the particle size size distribution were evaluated using a Microtrac Full Range

distribution on the ele, chemical performance of lithium Particle Analyzer.
intercalation materials has been discussed by Deroo et al.2. In his
study, Deroo demonstrated the critical importance of achieving a Electrochemical characterization: 3 electrodes electrochemical cells
small particle size with a narrow particle size distribution in order were used, lithium metal was used as both the anode and the
to obtain high and uniform reversible utilization of the cathode reference electrode. The cell apparent surface area was
capacity- approximately 5 cm2 . Resistive and capacity contributions were
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evaluated using AC-impedance spectroscopy (Solartron FRA-1250 V20 5: Commercial source
and EC- 1286) in a frequency range from 65 kHz down to 0.1 Hz
before and after cycling of the composite cathode materials. Figure 4 presents the AC-impedance spectra of a completed cell
Exchange current densities were evaluated usirg the resistive showing mainly the lithium-electrolyte interfacial resistive-
contribution associated with the charge transfer process. capacitive contribution. The observed (Fig. 5 and 6) behavior of the

V20 5-based cathode under low current density cycling regimes.
initially between 2.8 and 3.8 V and subsequently between 2.0 anc

RESULTS 3.8 V, are consistent with the reported behavior of V20 5
3 .

Liquid electrolyte (base fine) PC-Based Gel Electrolyte

LiMn20 4: Commercial source V20 5 : Commercial

The commercial LiMn20 4 has a specific surface area of Figure 7 presents the AC-impedance spectra of a cell made of a
approximately 6 m2/g. Figure l.a presents the AC-impedance V2O5-based composite cathode I PC-based gel electrolyte I Lithium
spectrum of a LiMn 20 4 cathode material obtained from a anode as measured before and after cycling. The major resistive
commercial source. Three features are clearly identified on this contribution is associated with the lithium electrolyte interface
spectrum: 1) the resistive contribution associated to the electrolyte resistance. The PC-gel electrolyte conductivity was estimated to be
(= 0.6 0), the resistive-capacitive contributions associated to the near lxl0"3 S/cm at ambient temperature. Cycling performance of
charge transfer process within the cathode (-5.2 Q2, =30 pF), and a the cell are reported in Figure 8 for a discharge regime of -/o10
diffusion controlled process at low frequency. between 2.0 and 3.8 V.

The exchange current density for this commercial LiMn 20 4 cathode Polymer Electrolyte
material was evaluated to be approximately 458 mA/g After
cycling, the AC-impedance spectrum (Figure L.b) shows a V20 5: Commercial source
significant increase in the value of the charge transfer resistance.

Figure 9 summarizes the evolution of a V20 5-based composite
Charge/discharge voltage profiles, between 2.5 and 4.2 V, show the cathode / polymer electrolyte / lithium anode cell impedance as a
two voltages plateau, at 2.8 and 4.0 V, corresponding to the function of time after fabrication. The cell impedance as measured
reversible intercalation of 1.1 6 per Mn 20 4 (Fig. 2.a). immediately after assembly (.) and after 64 hours (0) are reported.

The cell impedance remains mainly constant during this period of
LiMn 20 4: Arthur D. Little time. Charge/discharge cycles, between 2.8 and 3.8 V, results in the

reversible intercalation of 0.3 Li/V 2 0 5 .

The LiMn 20 4 used in this study is the "as produced" material and

has an bimodal particle size distribution centered around an average LiMn20 4: Arthur D. Little
particle size of 1 pim and 4 pm, and a large specific surface area of
approximately 18 m2/g. Total pore surface area of pores having The electrochemical performance characteristics, at a cell level, ot
diameters larger than 0.01 pm mainly account for this high specific composite cathodes containing a mixture made of small particle
surface area. Figure 3.a presents the AC-impedance spectrum of a size-LiMn 20 4 and carbon in a thermally cured polymer electrolyte
LiMn 20 4 cathode material produced using Arthur D. Little's matrix are presented. These cells have been tested using polymer
process. As for the commercial sample of LiMn 20 4 cathode electrolyte formulations which provide sufficient ionic conductivity
material previously described in Figure 1, the AC spectrum (Fig. at ambient temperature. Evolution of the cell resistance, before and
3.a) shows three features: 1) the resistive contribution associated after cycling, as measured by AC-impedance will be discussed.
with the electrolyte (=1.3 2), 2) the resistive-capacitive contribution Cycle life performance will also be reported. This experimental
associated with the charge transfer process occurring within the work is currently in progress. Detail results will be reported.
cathode (H1.3 Q, --41 jiF), and a diffusion controlled process at low
frequency. The exchange current density was estimated to be
approximately 1465 mA/g. CONCLUSIONS

The cycling behavior of the LiMn20 4 is presented in Figure 2.b.
Two plateaus are observed. The first one at a high voltage of Arthur D. Little has developed a fast continuous process (reaction
approximately 4 V and the second one at an average voltage of 2.8 time of less than 1 minute) for the production of lithium
V. The initial discharge capacity correspond to the intercalation of intercalation compounds in the form of small particle of controlled
1.4 1 per Mn20 4 (Fig. 2.b). After cycling the two plateaus are particle size, particle size distribution, and porosity. This process
maintained and their relative proportion is preserved. has been used for the production of the cubic spinel LiMn20 4.

Characterization of the electrochemical performance at the cellFigure 3.b presents the AC-spectrum of the cathode material aftej level demonstrated, that the LiMn20 4 produced using Arthur D.
cycling. Contrary to what was observed for the cathode using the Little's process, has a high exchange current density which is
commercial LiMn2. 4, this cathode showed a decrease of it resistive attributed to the increase in surface area of the cathode material.
contribution. This attribute is beneficial when the LiMn 20 4 is integrated in gel-

polymer electrolyte and polymer electrolyte systems having limited
ionic conductivity.
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LITHIUM ION INSERTION ELECTRODES: V2O, is prepared by a sol-gel technique wherein a solution of
CATHODE MORPHOLOGY AND PERFORMANCE sodium metavanadate is passed through an ion exchange column in

W.H. Smyrl. R.T. Atanasoski, E.L. Cussler, order to replace the sodium ion with hydrogen ion. The acidic
B.B. Owens, and M.D. Ward solution is collected and allowed to set without disturbance for
Corrosion Research Center weeks or months, during which time fibrils and ribbons self-

Department of Chemical Engineering and Materials Science assemble in solution and pass through the sol to a gel stage that
University of Minnesota continues to mature with time. The hydrogel VO, has attracted
Minneapolis, MN 55455 widespread interest because of its versatility and properties as an

oxidant and host for metal cations.

The feasibility of Li solid polymer rechargeable batteries The VOO material is being studied in composite electrodes
has been established as a result of the recent development of with carbon additives. The relationship of the performance to the
ambient temperature solid polymer electrolytes with conductivities active material particle size and surface area are being assessed as a
on the order of l0-3 S/cm. One limitation in the performance of function of rate at both ambient and elevated temperatures, with
present polymer electrolyte batteries, including those presently liquid electrolytes. The maximum insertion of eight lithium ions
under development, is caused by the existing designs of the can be obtained at elevated temperatures on the first cycle, but for
electrode structures. The program at the University of Minnesota is continuous cycling at ambient temperature at a modest rate (i.e.,
focused on a comprehensive and coordinated study of novel C110), about 50 percent of the maximum amount of lithium ion
microporous cathode structures that will lead to a new generation of insertion is obtained between the working voltages of 3.4 V charge
improved polymer batteries. The conventional approach to and 1.9 V discharge, under galvanostatic conditions. Very
electrode design is to fabricate composite structures of small reproducible discharge behavior is observed for particle diameters
electroactive particles mixed with conductive carbon particles, and between 5 microns and 100 microns. Our results for these materials
perhaps with the polymer electrolyte. The particle size of the in relatively thin electrode structures does demonstrate that rate
electroactive materials is usually above I micrometer, and often limitations arising from diffusion phenomena within the individual
above 100 micrometers. In the present study, the conventional particles is partially overcome with small particles.
composite electrode is compared to the behavior of electrode
structures produced by two new approaches. The first approach is Examination of a composite mixture of small particle size
to synthesize novel electrode structures based on interpenetrating V60 1 3 and carbon particles shows the V6 0 13 particles to be 5
bicontinuous networks that will provide very high surface areas and microns or less in diameter, and the carbon particles are 0. 1 microns
small pores. The second approach is to prepare microporous or less. The composite was well mixed and there was no obvious
electrodes by drying and processing hydrogels derived from sol-gel agglomeration of particles. Agglomeration of particles was seen for
techniques. The two approaches have yielded electroactive V 20, another mixture made of 100 micron diameter particles.

intercalation electrodes with surface areas above 300 m2 /g. The Agglomeration phenomena such as this will not support high rate

synthesis and processing activities are complemented by a study of insertion processes.
intercalation electrode materials that are silanized derivatives of V2 Oj xerogel electrodes may be prepared with different
VO,. We are engaged in a program to assess the relationship morphologies and surface areas by controlled processing and
between the morphology of the active materials, the structure of the drying. Spin coated thin films are dense and have smooth surfaces.
electrodes, the type of electrodes and the mechanisms of the Dip coated films may be dense when dried slowly or porous when
faradaic processes at the positive electrode. We are specifically dried rapidly. In both cases the material has been dried under
interested in increasing the rate capability of lithium polymer vacuum to a firhal composition of V 2OO0.5H,0. The remaining
batteries. water is held tenaciously and is released only when the material is

heated above 300'C.
Solid oxide cathode materials which may host the insertion

of lithium ions have been of great interest for use in high energy A discharge curve obtained for a spin coated xerogel VO,
batteries. Such materials offer the possibility for high performance (XRG) film under linear sweep voltammetry conditions shows that
batteries because of their high theoretical specific energy, which is about three lithium ions are inserted between 3.8V and 1.9 V. This
linked to the large departure of the chemical potential of inserted Li corresponds to an experimental energy density of 1137 watt-hours
below that of the pure metal. As illustrated hv Figure i, the various per kilogram of electroactive cathode material. A comparison of
host compounds offer a wide range of,: 'ating voltages. The these results with the theoretical energy density of several other
materials also show a considerable in the degree of insertion materials is shown in Table 1, and shows that XRG films
lithium ion insertion. are superior on this basis.

Development efforts in this field have resulted in Multiple continuous discharge/charge cycles have been
commercial Li-ion batteries, as well as various prototype batteries performed on a VO (XRG) film. The film retained over 60
with limited performance and reliability in most cases. The lithium percent of the original capacity after 1000 cycles, and the 'lost'
polymer battery is an active area for research at present. both for capacity could be recovered by holding the electrode at 3.8 V for
small cells for computer and microelectronics applications, and several hours at the end of the 1000 cycle test. The coulombic
large cells for electric vehicles. The polymer electrolyte batteries efficiency of the first and second cycles was 94 and 98 percent
utilize various oxides of vanadium as the cathode intercalation host. respectively. The coulombic efficiency of individual cycles was
Vanadium oxide hosts are attractive because the theoretical specific 99.9 percent after 150 cycles. Concurrent mass (quartz crystal
energies for such cathodes with lithium anodes can be greater than microbalance) and charge measurements show that only lithium
1000 Wh/kg, and they are less reactive toward polymer electrolytes ions are inserted and released in this system, and that mass
than the lithiated oxides of cobalt, nickel, and manganese. reversibility is also observed over an individual cycle. No water
However, the experimental cells fabricated with vanadium oxide was released from the cathode XRG material during the cycling.
cathodes suffer from a number of problems including a declinii.g
capacity with each cycle as well as generally poor performance at Both of the vanadium oxide materials used in the present
high rates of charge or discharge. study show that the rate of insertion of lithium ions is limited by

diffusion within the solid oxide and not by the surface injection
The focus in the present program has been on V,O1 , and rate. For thin composite electrodes, utilization of the electrode will

V2 O, materials which have shown promise in various development be inversely proportional to the discharge (charge) current and
programs. The former oxide material is probably the most widely directly proportional to the electrode thickness or mass loading.
used cathode host in polymer batteries, and it has been used in Limitations of transport in the electrolyte phase will eventually
previous work at this laboratory as well. It is prepared by pyrolysis become the dominant phenomena for thick electrodes and will
of ammonium metavanadate. Careful control of the pyrolysis cause the utilization to decrease with thickness or mass loading.
conditions are essential in order to obtain high capacity V5 0,1 . The transport limitations may be caused by resistance limitations

(ohmic drop) in the electrolyte in the pores, or by diffusion in the
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pores when all the lithium ions are inserted into the host material.

The maximum current for a given utilization may be obtained from
such an analysis, and will be used for design purposes.

From the results of the present study, it has been possible to
develop the experimental relation between the specific power and
specific energy as expressed per unit mass of the oxide electrode
materials. Inclusion of the equivalent amount of lithium in the mass
would reduce the values by about 10 percent. and therefore it is
seen that very thin cathodes are capable of a relatively high level of W U
performance. Of course, the incorporation of such thin cathodes
into full size battery designs will further reduce the values by a
considerable amount.

Further studies are in progress to analyze performance of
thicker films as well as electrode matrix designs that may retain
some of the high levels of performance in larger scale electrode and
battery designs.

This research was supported by ARPA, Contract N/N0014- '
92-1-1875.
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PERFORMANCE CHARACIERIZATION OF LrrHIUM COBALT DIOXIDE
CATHODES IN POLYMER-BASED LITHIUM AND LITHIUM-ION

RECHARGEABLE CELLS

Weihong Li. Hsiu-Pin tin and David L Chun
Alliant Teclisytems Inc.

104 Rock Road
Horshamm, Pennsyvania 19044

The polymer electrolyte and the LiCoO2 cathode films
were prepared by the standard film drawing technique. The

This paper reports on the electrochemical performance components of the desired ratio were first dissolved in the
of the polyacrylonitrile (PAN)-based L/LiCoO2 and CILiCoO solvent blend of ethylene carbonate (EC) and y-butyrolactone
Cells PAN-based polymer electrolyte ehibited ioni* (y-BL) at elevated temperature with continuous stirring. Ile
conductivity exceeding 10 S/cm in the temperature ruse of homogeneous viscous solution thus obtained was casted onto
-20°C to 100C, and an electrochemical stability window of 23 the substrate using either the "doctor blade" or the drawdown
to 4.3 volts. The performance characterization of the rod technique.
LU/SPE/I.CoO2 cells employing the PAN-based polymer
electrolyte indicated discharge rate capability up to A two-electrode laboratory cell for cycling test consisted
0.5 mA/cm 2 (C) during the continuous cycling and 3 mA/cm2  of a lithium foil or a thin film carbon anode, a PAN-based
(6C) in the pulse discharge mode. Extended cycle life was polymer electrolyte film and a LiCoO2 cathode film on a
obtained at 80 to 90 percent depth of discharge. In the PAN- current collector. The laminate was placed between two
based C/Li 1CoO2 cells using Calcined Petroleum Coke as the dielectric plates, encapsulated in the aluminized trilaminated

carbon anode, lithium ion intercalation to Li, 4C6 was achievable pouch and heat sealed. The charge/discharge cycling tests were
during the charge and discharge cycling, conducted on the battery test station (MACCOR).

All material handling and cell fabrication were

Introduction conducted in a dry room with a controlled humidity (<2%
RH).

Continued effort is being devoted to the development of
polymer-based rechargeable lithium batteries, since such power Results and Discussion
systems have the key advantages of high energy density andfl~bilityElectrochemical Performance of the PAN-based Li/Li.Co,
packaging flexibility. Cell___

The development of the third generation polymer gel
electrolyte expands system performance capabilities to allow for The PAN-based polymer electrolyte developed in this
the potential applications of the rechargeable lithium-polymer study had an ionic conductivity exceeding 10" S/cm in the
batteries at ambient and subambient temperatures. Such gel- temperature range of -20°C to 100(C[1]. The PAN-based
type systems, obtained by immobilizing metal salt solvates in a Li/LiCoO2 cell was assembled in the discharged state and
mixture of ethylene carbonate (EC) and y-butyrolactone (y-BL) showed an open circuit voltage (OCV) of 3.2 volts. The cells
or propylene carbonate (PC) in a polyacrylonitrile (PAN) had an electrode area of 10 cm' and a theoretical capacity of
matrix, exhibited an ionic conductivity exceeding I0( S/cm at approximately 10 mAh. The freshly built cells were subject to
ambient and subambient temperatures. Good dimensional charge/discharge cycling and pulsing test at various rates and
stability was also demonstrated in such polymer electrolyte films temperatures to demonstrate the electrochemical performance.
as thin as 25 1m using the known film-processing techniques, Figure 1 shows the typical discharge voltage profiles at
such as drawdown rod and doctor-blade. various temperatures. At room temperature and above, the

Recently, the exploration of using such gel-type systems system exhibited an average 3.8 volts in discharge cycles, while
in a "lithium-ion" cell has attracted a consistent renewed a slightly lower discharge voltage was observed at 0WC. The
attention due to its potential of long cycle life and safe discharge rate capability is defined in Figures 2 and 3. In the

operation. In this effort we have evaluated the performance pulsing experiments, a fully charged cell was subjected to 5-sec
characteristics of the polymer-based "rocking chair" cell a PAN- discharge pulses at various rates. The results indicated that the
based CILiCoO2 cell using petroleum coke (Conoco) as the cell was capable of maintaining 3.3 volts at 3.0 mA/cm2 (6C).
anode material. Figure 3 compares the voltage profiles of the cells at various

discharge rates under the continuous cycling mode. The
In this paper, the electrochemical performance of the average 3.8 volts discharge characteristics were clearly

PAN-based LWi/LCoO 2 cell was evaluated by charge/discharge demonstrated for discharge rates up to 0.3 mA/cm'. Cycling at
cycling at various current densities and temperatures. The C rate (0.5 mA/cm2 ) was also possible although slightly lower
preliminary results on the performance characteristics of PAN- discharge voltage was observed. The cyclability of the cell is
based C/ 1 CoO2 cell are also discussed. illustrated in Figure 4. The cycle life of 150 to 200 cycles was

achieved at various charge and discharge rates.
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SOLID-STATE CARBON/LiNiO2 PULSE POWER BATrERIES

M. Alamgir, N. Marchese and KL M. Abraham
EIC Laboratories. Inc.

Norwood, Massachusetts 02062

Solid-state carbon/LiNi0 2 cells and two-cell bipolar batteries
containing PAN-ECIjpC-LiN(CF.SOA solid polymer electrolytes -
have demonstrated high rate capabilities at room temperature with an
ability to sustain pulsed discharge currents as high as 50 mA/cm2. The
carbon/LiNiO2 cells retained >80% of the initial cell capacity after
150 full depth of discharge and charge cycles.

2 1 10 OisChor"

Bipolar batteries consist of currentcollector plates whose opposite
sides are coated with the cathode and the anode materials. The
electronically conducting but ionically insulating bipolar plates
shorten the electronic pathway between individual cells and, conse- .00 0.2 04 0.6 0.5 1.
quently, bipolar batteries have lower resistance than those configured i ,,
from a stack of series-connected cells [1]. The internal resistance of
bipolar batteries is independent of the cell size. As a result, these Figure 1. The room temperature cycling performance of a Li/LiNiO2
batteries are especially suitable as high current pulse power sources, cell containing a PAN-EC/PC-LiN(CFSO0) 2 electrolyte.
since the power (P) of a battery is inversely proportional to the
resistance (R). choice of oxidatively stable solid polymer electrolytes, the PAN-based

electrolytes have been found to be both chemically and electro-P = V-1 = V/R (1) chemically stable for use in conjunction with4V metal oxide cathodes.
At room temperature, these electrolytes have a high conductivity ofBipolarbatteriesbased onliquidelectrolytesgenerally sufferfrom about I.5xl0"f'.cm'. The conductivities of two PAN-based elec-

high rates of self-discharge, due to intercell leakage currents caused trolytes having the compositions of 12 w/o PAN-40 w/o EC/40 w/o
by the wicking of the electrolytes over the edge of the bipolar plate. PC- 8 w/o LiN(CF3SO2)2 and 10 w/o PAN-40.5 w/o EC/40.5 w/o PC-
Consequently, fabrication of such batteries using liquid electrolytes 9 w/o LiN(CF 3SO 2), in the temperature range of- 10 to 50C are shown
is a major engineering challenge. Bipolar batteries containing solid in Figure 2.
electrolytes are expected to be free of these drawbacks.

There is considerable current interest in developing solid-state
batteries based on highly conductive polymer electrolytes- both 4 E02R1uRE.' 1
solvent-free and plasticized [2,3]. However, only the latter electro- - 40 21 5 -10
lytes have sufficiently high conductivities (i.e., >10 3ohm'lcm"') to
enable the development of batteries for room temperature operation.
The polyacrylonitrile (PAN)-based solid electrolytes developed at
EIC belong to this class of electrolytes (3]. Using these electrolytes,
we have fabricated solid-state carbon/LiNiO 2 cells and bipolar bat- 10,3-
teries and studied their continuous and pulsed discharge performance

* 2 /oPM-:4OEC4 4PC.-S Li(C?¶SO2)2at room temperature. .0 10 ,2 P'ýAN -40, .C/,o I P-9 N(C-•O,),

3.00 3.20 340 3.60 380 4.00
PAN-based solid electrolytes were prepared as before [4]. First ,/,ERAruR K

the polymer was dissolved in a solution of LiN(CF3 SO2)2 in ethylene
carbonate (EC) and propylene carbonate (PC) at 135°C. Electrolytes Figure 2. The conductivities of two PAN-EC/PC-LiN(CF3 SO 2)2
of 75- 100 pin thickness were then prepared by casting the resulting, electrolytes as a function of temperature.
highly viscous solution between PTFE shims and cooling to room
temperature. Carbon composite anodes were made by pressing a blend The PAN-based solid electrolytes are also chemically and elec-
of Conoco XP petroleum coke and PAN-EC/PC-LiN(CF3 SO2)2  trochemically stable in contact with Conoco petroleum coke, a gra-
electrolyte onto a Ni substrate. LiNiO2 used as the cathode was phitic carbon intercalation anode, which exhibits a net reversible
synthesized by reacting NiCO3 and LiNO3 in O atmosphere. LiNiO2 capacity of--0.5 Li per C, [3]. There is a deintercalation inefficiency
composite cathodes were prepared from a mixture of LiNiO2, Chevron of about 0.25 Li per C 6 in the first cycle due to the reduction of the
carbon and PAN-EC/PC-LiN(CF 3SO2)2 electrolyte by pasting the
mixture on a stainless-steel current collector. Bipolar electrodes were electrolyte.
fabricated by pressing the LiNiO2 and the carbon electrode mixtures The performance of carbon/LiNiO2 cells containing the PAN-
on the opposite sides of a 25 pmn stainless-steel substrate. Car- EC(PC-LiN(CFS02)2 electrolytes was evaluated fast in 10cm2cells
bon/LiNiO2 single cells and two-cell bipolar batteries were fabricated using a continuous discharge current of 0.1 mA/cm2 . The cells wereby sandwiching the polymer electrolyte between the composite cycled usually between 2.0 and 4.OV at room temperature. Figure 3electrodes, monopolar or bipolar, and sealing the package in metal- shows the first two charge and discharge plots of a carbon/LiNiO 2 cell.lized plastic bags. The cell capacity was limited by the anode. Upon activation in the

Results and Discussion first charge, a capacity of 20.7 mAh was obtained. This corresponds
to an intercalation of 0.78 mole of Li per mole of C6, forming Li0 isC6,

Equation (1) reveals that besides by lowering the resistance, the and a deintercalation of 0.59 mole of Li from LiNiO 2, forming
powErqofabattery is) reeasttesde by increasing itsvoltag.he rsis e t Li041NiO 2 in the first charge. In the following discharge, a capacitypower of a battery is increased by inereasing its voltage. The LiNit2 of 13.8 mAh at a discharge voltage of 3.6V was obtained. This impliescathode is desirable in this respect, since the Li/LiNiO2 cell exhibits a 33% loss in capacity in the first cycle, stemming mostly from the

a load potential of about 4V (Fig. 1). The LiNiO2 cathode is also carbon anode.
characterized by the high capacity of -.150 mAh/g and good revers-
ibility. While the high voltage of LiNiO 2 imposes constraints on the
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Figure 3. The first two charge and discharge plots of a carbon/LiNiO 2
cell at 0. 1 mA/cm2 at room temperature. The capacities of the LiNiO 2
and the carbonelectrodes were 35.0 and 26.4, mAh, respectively, based , 2 1

on intercalation capacities of I Li per LiNiO2 and 1 Li per C,.

Figure 4 compares data for three cells in which the ratio of the
active materials in the cathode to that in the anode was varied. For
high cathode to anode ratios, there is an excess of charge input due to
plating of Li on the carbou electrode during the first charge. As more 2 10 b
and more Li is plated onto the carbon anode in the course of cycling.
the cell voltage increasingly resembles that of a Li/LiNiO2 cell, as
evidenced by the increasingly higher and flatter discharge plateau of MtC -,.25..

the cell in Figure 4a. On the other hand, when the anode is in excess
compared to the cathode material, charging the cell to 4.OV does not
permit its full intercalation (Fig. 4b). The charge voltage is reached o 2 6 , 0 , "2 ,,4
more at the expense of the cathode voltage than of the anode. On CAPRO.

discharge, the cell delivers low load voltage. In both of these cases
the rechargeability for the cell was poor.

When the cathode to anode mole ratio is about 1.30, the LiNiO2 4

and the carbon electrode appear to be fully deintercalated and fully
intercalated, respectively, in the first charge. The cell then shows
excellent rechargeability on subsequent cycling. This is evident by 3

the data in Figure 4c for a cell cycled more than 150 cycles. At the so M WMW"
end of this cycling, the cell retained -80% of its initial discharge
capacity at 0.2 mA/cm2. 2 1, C

To exhibit good cyclability, a carbon/LiNiO 2 bipolar battery must 1 0 W .- &M

not only have an optimum ratio between the cathode and the anode ,, oeV. 2, ,
active materials in the cells comprising the battery, but also a careful
balance among the capacities of the individual cells. This can be 01
illustrated by the data in Figure 5. When there is a significant C.PA,, m,
imbalance in the capacity of the cells as it is the case in Figure Sa, the
cyclability of the battery is poor. The capacity ratio for Cell A to cell
B in this battery was 0.71. When the two cell capacities are matched Figure 4. Effect of different cathode:anode mole ratios on the room
as in Figure 5b, the bipolar battery demonstrates attractive charge and temperature cyclability of carbon/LiNiO 2 cells. Cathode to anode
discharge behavior. The ratio of the capacity of Cell A to that of Cell mole ratios, a) 1.79; b) 0.73; c) 1.33.
B for the battery in Figure 5b was 0.98. When the current was increased to 10 mA/cm2, the average dis-

Both carbon/LiNiO 2 single cells and two cell bipolar batteries charge voltage decreased to about 6.5V. A total of 22.500 pulses (or
were galvanostatically pulsed ataseries of discharge currents between 4.7 mAh of capacity) were obtained (Fig. 8). The battery could also
I and 50 mA/cm 2. The pulsewidth was varied between 10 and 50 ms be discharged at a high current density of 50 mA/cm 2 (Fig. 9). The
and the interpulse relaxation time was kept at 5x pulsewidth. load voltage at this current density was about 5V.

Figure 6 shows the initial pulses of a carbon/LiNiO 2 single cell The preceding data demonstrate the usefulness of the PAN-based
discharged at a current density of 10 mA/cm2. The pulselength was solid electrolytes in solid-state carbon/LiNi0 2 cells and bipolar bat-
10 ms. The initial load voltage at this current was about 3V. The teries for room temperature application. Both single cells and bipolar
voltage traces in Figure 6 show rapid response of the cell voltage to batteries showed good rechargeability, and pulsed discharge
the applied current as well as its fast recovery when the current was capability at currents as high as 50 mA/cm'.
turned off. This suggests fast kinetics for the intercalation/deinter-
calation processes in both the LiNiO2 cathode and the carbon anode. AckDnhledflc.eg 1
At total of 32,500 pulses to a cutoff of 2.OV were obtained. This
translates into a total discharge capacity of 8.9 mAh, which compares Financial support for this work was provided by the Strategic
well with the capacity of 12 mAlt obtained when the cell was con- Defense Initiative Organization. Contract No. F29601-92-C-0099.
tinuously cycled at a current density of 0.2 mA/cm2 . The ON and OFF
voltages for the cell when pulsed at 10 mA/cm2 are displayed in Figure
6b.

Figure 7 shows the initial voltage profiles of a two-cell car-
bon/LiNiO2 bipolar battery pulse discharged at 2 mA/cm2 for 10 ms.
Table I gives the specifications for this battery. The battery delivered
a total of 150,000 pulses or 6.3 mAh of capacity at a load voltage of
7.5V.
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Table 1. Specifications for the 2-cell carbon/LiNiO 2 bipolar battery a
pulse discharged at different currents at room temperature. 7

7

Capacity Capacity Ratio Capacity of ,
(mAh) (LiNiO2:Carbon) Cell A to Cell B a )

Cell A LiNiO 2  9.3 1.37 2 [. m

Carbon 7.1 1.05

Cell B LiNiO, 9.7 1.31 0o 200 40 io 0 S0W 1000

Carbon 7.1 TtME, ms
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(1993).
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PERFORMANCE CHARACTERISTICS OF LITHIUM ION
POLYMERIC ELECTROLYTE CELLS

D. H. Shen, G. Nagasubramanian, C-K Huang, & Surampudi and G. Halpert
Jet Propulsion Laboratory, California Institute of Technology

4800 Oak Grove Dr., Pasadena, California 91106

Abstract use of lithium-carbon anodes (termed as lithium ion
A series of polyacrylonitrile-based (PAN) or "rocking-chair" configuration) in place of metallic

electrolytes containing LiAsF6 and a number of lithium to reduce the dendrites and thus improve the
solvent mixtures including Ethylene Carbonate (EC) cycle life. Additionally, the replacement of lithium
+ Propylene Carbonate (PC) were prepared, with lithium-carbon may improve the safety of the
electrochemically evaluated and used as electrolyte cells. An extension of this concept, i.e., use of Li-C
in the polymer cells. The typical composition of the for Li, to the polymeric electrolyte cells is thus
electrolyte mixture was PAN -15 M%, LiAsF6 -15 expected to further reduce the problems of dendrites
M% and solvent mixture - 70 M%. The PAN-based and interfacial instability. At the Jet Propulsion
electrolyte containing EC, PC and LiAsF6 gave a Laboratory as part of an on going secondary lithium
conductivity of 10-3 (S/cm) at room temperature. battery research effort we have initiated preliminary
Both carbon and lithium cobalt oxide composite electrochemical studies on the lithium ion polymer
electrodes were studied versus lithium in small cells. Initially, we evaluated the materials properties
capacity cells. The same electrolyte composition in small capacity cells. We report below our results
was used in fabricating the composite electrodes, on the electrochemical properties of PAN-based
Cells were fabricated and evaluated for cycle life and gelled electrolytes containing EC + PC + LiAsF6 as
cathode utilization efficiency. The capacity of the well as on the cycling behavior, at room
cells is between 5 to 10 mAh. Lithium polymer cells temperature, of Li-Carbon, Li-LiCoO2 , and
containing either carbon or lithium cobalt oxide LixCoO 2 cells containing the above electrolyte.
showed so far around 40 cycles with minimum loss
of capacity. Lithium ion polymer cells ( LixC Experimental
/gel/LixCoO2) delivered -5 mAh capacity in the Electrolyte Preparation:
initial cycles and cycling of the cell is in progress. Gelled electrolytes with different

compositions were prepared as given below1 .
Appropriate amounts of the components were

Introduction weighed before hand. Lithium hexafluoroarsenate
Lithium polymeric electrolyte rechargeable was dissolved in the solvent mixture and the

cells are being actively developed for several temperature of the liquid electrolyte was raised to
applications including consumer electronics and 1000C followed by the slow addition of PAN. The
electric vehicles. Polymer rechargeable cells have temperature was maintained at around 1000C till a
several advantages over the liquid electrolyte cells: clear homogeneous viscous liquid was obtained.
these include 1) reduced propensity for lithium Thin films were prepared by casting the hot gel
dendrites, 2) enhanced interfacial stability, 3) between two preheated quartz plates and pressing
flexible shape etc. However, the problems related to them together. This procedure yielded thin films
dendrites and reactivity are not completely with thicknesses -100 micron. Typical composition
eliminated at the lithium electrodes. The of the electrolyte was PAN -15 M%, LiAsF6 -15
development in liquid-based cells is focused on the Mo and solvent mixture - 70 M%.

261



Composite Electrodes Preparation: polymeric electrolyte, and composite electrodes was
Composite electrodes with good ionic and assembled and housed in the polyethylene laminated

electronic conductivities are required in polymer aluminum envelop. The envelop was scaled in
cells to achieve reasonable rates. LixCoO2 -based vacuum. Four of each experimental Li-LixCoO2
composite cathodes were used for cell studies. and Li-Carbon polymer cells (-10 mAh) were
Composite cathodes comprises of LixCoO2 50 wo,' prepared for electrochemical investigations. The
acetylene black (for electronic conductivity) 10 w0/o, cells were assembled in a dry-room with less than
and the polymer electrolyte (for ionic conductivity) 1% humidity. Both types of the cells showed an
40 w%/o. The LixCoO2 and acetylene black were open circuit voltage (OCV) in the range of 3.0 and
well mixed by a high speed blender. Gelled 3.2 volts.
polymeric electrolyte (PAN 15 M%; LiAsF6 15 M%
and EC + PC 70 M%) was prepared beforehand Standard electrochemical equipment were
followed by the addition of the mixture of LixCoO2 used for the electrochemical evaluation of the gelled
and acetylene black. The hot black slurry was then electrolyte films. AC impedance measurements
poured on to a preheated aluminum foil. The slurry were made on both uncycled and cycled cells to
was uniformly distributed and coated on the obtain informations on the bulk and interfacial
aluminum foil. The composite electrode was cut to properties.
size, 1 3/8" x 1 3/8", for later use.

Cell Testing:
The carbon electrode consists of a The laboratory lithium-composite polymer

commercial graphite subjected to a pretreatment cells were tested at ambient temperature for cycle
process identified in our earlier studies in organic life performance between the voltage limits
liquid electrolytes. The carbon electrode gave 240 described above. A computer controlled battery
mAh/gm capacity at C/10 rate. The selected carbon cycler was used for cycling studies. The cells were
anode and electrolyte materials are being used in charged at a constant current, I mA, and followed
conjunction with lithium cobalt oxide composite by taper charge at 4.25V. The cell was discharged
cathode to fabricate Li ion-polymer cells. The at a constant current, 2 mA. The Li-LixCoO2 cells
electrodes are sealed in a polyethylene laminated were cycled between 4.3V and 2.6V, and the Li-
aluminum foil using a sealing technique developed Carbon cells were cycled between 0.15V and IV.
at JPL. LixC -based composite electrode was The full cell was cycled between 2.60 V and 4.25 V.
prepared and its electrochemical performance
tested. Composite cathodes comprises of Carbon 50 Results and Discussion
w%/o and the polymer electrolyte 50 w%/o. Gelled
polymeric electrolyte (PAN 15 M%; LiAsF6 15 M%
and EC + PC 70 M%) was prepared beforehand We have investigated the electrochemical
followed by the addition of preweighted carbon. properties of the gelled polymer electrolytes, three
The hot black slurry was then poured into a stainless different types of polymer cells and their cycle life
steel (SS) mold with a 1 mil thick SS. foil on the performance. These are described below.
bottom. The slurry was then evaporated by
convection. The composite electrode was trimmed Electrolyte Studies:
to size, 1 3/8" x 1 3/8", for cell studies. Electrolytes films were cut to size (-1 cm2)

and sandwiched between two well polished stainless
Cell Fabrication: steel (SS) electrodes (blocking contacts) for both a-c

Three types of cells were fabricated. The and d c measurements. The a-c measurement was
three types of cells are 1) Li/gel/LixCoO2, 2) made in the frequency regime 100 kHz to 5 Hz. In
Li/gel/LixC, and 3) LixC/gel/LixCo02. Two Fig. I is shown the Nyquist plot for the electrolyte
polyethylene laminated aluminum foils were hot of composition PAN -15 M%, LiAsF6 -15 M% and
sealed on three sides to form an envelop. An EC +PC - 70 M%. The x-axis intercept gives the
electrode stack consisting of lithium anode, bulk resistance (Rb) of the electrolyte. The
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resistivity (a) is 10-3 S/cm at room temperature. electrolyte/lithium cobalt oxide composite cathode)
The near perpendicular plot indicates that there is no is shown in Fig. 7. The cell was cycled between
measurable charge transfer at the interface. In Fig. 2 4.25 V and 2.6 V. The initial capacity of the cell
is shown the d-c voltammetric behavior for the same was around 5 mAh. The second and third cycles
electrolyte. The electrolyte seems stable in the showed a lower capacity. The cycling of the cells is
voltage range 1 to 5 V vs. Li. in progress. The data described above are

preliminary and further cell studies are in progress.
Electrochemical Studies of Cells:

Although our aim is to evaluate the a-c Conclusions
behavior of the full cells (LiC composite anode PAN-based gelled electrolytes were prepared
/gelled electrolyte/LixCoO2 composite cathode) as and electrochemically evaluated. The bulk
initial studies we investigated the interfacial on bulk conductivity at room temperature of the electrolyte
properties of the components electrodes using a-c PAN 21 M%; LiAsF6 8 M%, and EC + PC 71 M%
measurements. Experimental cells with Li anode, was 10-3 S/cm. Small capacity experimental half
LiCoO2 composite cathode (- 10 mAh) and gelled cells with LiC and LiCoO 2 composite electrodes
electrolyte were fabricated and cycled at room were fabricated and tested for cycle life. These cells
temperature. In Fig. 3 is shown a-c behavior of could be cycled over 30 cycles without perceptible
lithium cobalt oxide before and after 39 cycles. The capacity decline. Performance of the lithium ion
value indicate the total resistance is around 2.1 ohms polymer cells (LiC/gelled electrolyte/LiCoO2
and did not change with cycling. However, Fig. 3b cathode) is currently being evaluated and the results
(a-c behavior of the cycled cell) shows the evolution will be presented in the meeting.
of a semicircle which indicates that interface
(between lithium and electrolyte, electrolyte and
cathode, or both) changes continuously. In Fig. 4 is Acknowledgment
shown the a-c behavior of lithium -lithium carbon The work described here was carried out at
cell before and after 33 cycles. Although the bulk the Jet Propulsion Laboratory, California Institute of
resistance of the cell is the same (around 2.1 ohms) Technology under a contract with the National
the interfacial charge transfer resistance is Aeronautics and Space Administration
considerably reduced after cycling. This suggests
that probably the interface has improved with References
cycling.

1) G. Nagasubramanian, A. I. Attia, and G. Halpert,
Cell Performance "A Polyacylonitrile-based gelled electrolyte:

In Fig. 5 is shown charge-discharge curves electrochemical kinetic studies", J. of Appl.
as a function of time up to 42 cycles, for a lithium - Electrochem., 24 (1994) 298-302.
lithium cobalt oxide cell. The capacity of the cell
declined slowly to 3.7 mAh till -40 cycles. The 2) C.-K. Huang, S. Surampudi, A. I. Attia and G.
cycling data for lithium-lithium carbon cell is shown Halpert, Proceedings of the 182nd
in Fig. 6. The first half cycle is the lithiation of the Electrochemical Soc., Toronta, Canada, October
carbon electrode. A total of 46 mAh was passed. 1992.
The following cycles exhibited approximately 3 mAh
capacity. The capacity difference between the first
and the following cycles is attributed to the
formation of the surface layer on the carbon
material2. The discharge capacity for the
subsequent cycles remains the same around 3 mAh.

The first three charge-discharge cycles on a
full cell (lithiated carbon composite anode/gelled
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RECHARGEABLE ALKALINE ZINC-MANGANESE DIOXIDE BATTERIES

K.Kordesch, L. Binder, J.Gsellmann, W.Taucher, Ch. Faistauer
Technical University Graz, A-8010 Graz, Austria

Introduction

The developmeit of the technology of the Rechargeable Alkaline The appearence of a new peak below MnO1.6 indicates the point
Manganese dioxide (RAM) - Zinc battery has rapidly progressed where we now stop the discharge to preserve rechargeability. It was
over the last few years. Intensive research activities at the Technical found that soluble Mn-species start to appear at continued discharge,
University Graz and development efforts at Battery Technologies especially when the lower voltage 2nd electron range is approached.
Inc. (I) have resulted in considerable improvements (2). Between The Mn-ions find their way to the zinc anode and with no mercury
1989 and 1992 the cycle capacity has beeen more than doubled, the added, the corrosion problem increases, destroying the excellent
mercury addition to the anode has been gradually reduced and shelf life characteristics at elevated temperatures. (Fig.5).
finally eliminated. (Fig. I). Today, the excellent elevated A cathode discharge model described by Faistauer (7), based on
temperature shelf life, which we expect from alkaline MnO2 -Zn work by Wruck (8), points to the different electronic and ionic
primary cells is also a feature of RAM batteries. (3). The technology pathways in thick cathodes which consist of a MnO 2 -graphite mix.
has been licensed to RAYOVAC, USA and after extensive testing The manganese dioxide is a poor conductor and relies on the
and market surveys in 1992/93, the mass production of RAM graphite to transport the electrons to the interface, while the KOH in
batteries started in Fall 1993. Under the trade name "RENEWAL" the free pore system (helped by a filler substance) provides the ionic
all four types of cylindrical cells were made available to the supply. Ideally, the two pathways should be as close as possible in
consumer market as "Reusable" batteries, together with special their conductance values. Usually they are considerably diffrent,
charging stations. depending on the layer thickness. The result is a high efficiency of

The first cycle capacity was chosen to be close to the capacity of MnO2-reduction near the separator and a low utilization at the steel
the corresponding primary cells to allow a direct replacement in all can collector side. As a result, the MnO2 at the separator side is
comparable applications. Recharging is done at a constant voltage of sometimes reduced below the I electron level, causing irreversible
1.65 V and as a safety precaution, the RAYOVAC stations are oxides to be formed. The 2 mm thin cathodes of the AA cells are in
mechanically constructed in such a manner, that the charging of this respect far more uniformely and efficiently discharged than the
primary cells is not possible. C and D-cathodes (4 and 6 mm thick).

The physical design of cylindrical batteries (Fig.2) has not been Another strong effect on the discharge and cycle characteristics
changed. Except for the separator material and perhaps the length of of MnO2 cathodes is the depth of discharge. Fig. 7 pictures the
the contact nail, there is no noticable difference when compared to a change of cycle capacity with reduced depth of discharge. I Ah
primary battery. discharge from a AA cell , containing about 8 to 9 MnO2
The manufacturing can be done on essentially the same machinery corresponds to a usage of 30 to 40 percent of the 1 electron capacity.
as is used for the productionof primary cells at nearly the same cost. It actually results in a very useful AA-rechargeable cell. A very large
A consumer has therefore a very considerable cost advantage when number of 100 % DOD discharge cycles at capacities in the Ah-
he directly replaces primary cells in all of his devices. Also the range of Ni-Cd cells are obtained. Such a performance profile may
purchase of some other very expensive rechargeable batteries can be be desirable for users of devices which are normally completely
avoided in many cases. discharged before recharging. Such cells are not marketed today, but

On continuous use and 100 percent deep discharge one RAM cell may appear on the OEM-market after optimizing the balance of the
can replace about 80 Zinc carbon or 20 to 30 alkaline primary cells, capacity limiting zinc anode (which must be made more dense).
as is shown in Fig.3. On an intermittent discharge regime, with The addition of a porosity modifier to the cathode increases the
frequent recharging, the total service time can reach more than ion availability. As an example , Fig. 8 shows the effect of 10 %
hundred times that of alkaline primary batteries, as shown in Fig.4. BaSO4 addition to the cathode mix. Interesting is that also the

However, the most noticeable and consumer-relevant advantage initial capacity rises, in spite of the 10 % reduced amount of active
over other types of rechargeable batteries is the good shelf life at material in the same cathodic 'volume (9).
elevated temperatures. Fig. 5 presents a comparison of test results The cathode also has the capability to react with hydrogen gas
achieved at 65 OC with RAM cells, Ni-Cd and MeHy cells.These produced by corrosion processes at the zinc anode. This is the result
(Arrhenius' Law) data, expressed in weeks of storage time can also of adding 0,1 to 0,5 % of a fuel cell electrode type catalyst, like Ag
be used to predict the room temperature shelf life for the same on acetylene black or carbon. The reduction of the MnO2 capacity is
numbers of years. This is a well established rule in the battery negligable, but any pressure build-up is avoided, even in the event
industry. Historic publications and more recent detailed technical that a cell is reversed in a series circuit connection. (10).
data can be found in the Literature references (4, 5 and 6,)

MnO2 Overcharge and the O2 -Zn Cycle.
The RAM System

Charging manganese dioxide to higher voltages produces 6-valent
The MnO2-Electrode.Discharge Limitations: manganate, which is soluble and disproportionates into MnO2 (of

the rechargeable type) and into a not rechargeable lower oxide. It
The first electron discharge follows the homogeneous proton was therefore important to prevent the formation of manganate by

insertion path and four-valent Mn-dioxide is formally reduced to limiting the charge voltage to about 1.65 to 1.68 V for the present
MnOI. 5 This reduction process can be followed by neutron powder RAM cells. However, it was also found that certain catalysts prevent
diffraction spectra. An example is shown in Fig. 6. manganate formation and cause a nearly stoichiometric evolution of
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oxygen instead (1I) Fig 9 indicates the initial delay of oxygen Solar Charging and New Electronic Circuits (Practical Uss)
evolution on overcharge and the effect of catalysts on 02 evolution
Fig 10 shows a way to facilitate the uptake of the oxygen gas by Solar charger may now find wide-spread application and acceptance
inserting a porous cylinder in the center of the cell The pressurized in the consumer market The previous use of Ni-Cd batteries was
02 gas reaches the large internal zinc interface and forms ZnO. (12) unsatisfactory They discharge rapidly in the sun and the reliability

on shelf is poor. The same is true for Ni-Mehydride cells RAM cells
The Zinc Limitation. Hg-free formulations, Cell Reversal can stand temperatures of 65 °C for weeks, as shown in Fig 5

In a study aimed at the simplification of chargers, especially for
The zinc powder anode mixture contains KOH and a gelling agent circuits containing only 2 cells in series, which is the case in many
The amount of Zn determines the depth of discharge of the cathode devices, radios, and lamps, an overflow current circuit was used.
and thereby the capacity of the cell Zinc oxide is dissolved into the Fig. 13 shows such a solar charging circuit with a Zener diode.
KOH (or is additionally added as a powder) to make sure that on In many constant current-charging devices the Ni-Cd cells can
charge (or overcharge) only oxygen, but no hydrogen can be formed be replaced by RAM cells by using the Zener diode circuit (Fig 14)
by electrolysis. This is the basis of the previously described oxygen
cycle. The cells up to 1993 contained 0 02 % mercury in the zinc. Studies concerning the rechargeability of the 2nd electron of MnO2
Starting with the 1994 production, no mercury will be added to the
anode formulation. Therefore special zinc alloy formulations and/or In our laboratories we have checked the applicability of the
organic inhibitors are used to reduce the zinc corrosion. However, chemically and physically modified manganese dioxide as first
for rechargeable cells this is not sufficient because the zinc deposited described by H.S. Wroblowa (1987) and repeated by many authors
after the first charge is much finer than the original granulated Zn- in the recent literature . It was found that the high volume of carbon
powder. The mentioned catalysts in the cathode (10) are taking care used, makes it impossible to build cylindrical cells with a capacity
of the increased H2-corrosion gassing possibility close to the existing consumer cells. The cell voltage is low and the

It should also be mentioned that a safeguard for cell reversal is appearence of soluble Mn-species causes severe corrosion problems
important when cells are connected in series and one cell fails with zinc electrodes. Separators with low resistance values are not
prematurely. In this case also H2-gas is produced on the MnO2 side developed at the time. Replacing the Zn-anode by metalhydrides
where the catalyst recombines it. 02 gas is evolved on the nail side. improves the cycle numbers, but the voltage is even lower Cells
The latter can react with unused Zinc, because even after a 100 % built with electrolytic MnO2 cathodes and fuel cell H2-electrodes
deep discharge some Zn is left (as unconnected particles) in the gel. (18) or metalhydride anodes (19) show a far higher load capability, a

The type of gelling agent and other additives are important for better voltage level and good cycle life, using only the I st electron
the coherence of not amalgamated Zn-particles and for the release of
gas bubbles (13). Drop test are used for evaluating such effects. Acknowledgement:

Present Charging Methods The authors thank the Funds for the Support of Scientific Researchin Austria and Battery Technologies, Inc for their financial support
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1n. K.Kordesch et al.. MnO 2 -H2 Battery. Power Sources 13. Procwith 6 V series/parallel units The new improved overcharge and cell 17th Internatl Posser Sources Symrp. Bournemouth. I')')1
equalization possibilities will now extend our capabilities to 12 V 1l) 1 C T.Oliveira. Ext Abstracts. Proccedings of the Elctroclihcn
and even 24 V series charging with higher uniformity and without Soc Meetings in New Orleans. 1991 and San Francisco. 1994
single cell control by electronic means
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IMPROVED COMPONENTS FOR RECHARGEABLE ALKALINE
MANGANESE-ZINC BATTERIES

Terry MN ing, Robert Jacus, and Sid MNgahed
Rayovac Corporation, Madison WI

Intrductin

Rayovac began manufacturing and marketing a tinued for eight hours. Typically 25 cycles were run on the
rechargeable alkaline (Zinc/Manganese Dioxide) cell in four test samples.
sizes (D, C, AA, AAA) in the fall of 1993. These cells and Once every hour of the 24 ohm discharge a 10
the dedicated chargers (in two sizes) are being marketed second 390 ohm discharge followed by a 10 second 12
under the Renewal® trade name and are experiencing a ohm discharge was imposed. This discharge is shown in
good reception in the market. Figure 2.

Figure 2: Typical First Pulse

Figure 1: Nominal Capacities of Renewal Cells in AH (one Pulse Per Hour)

1 43

D C AA AAA 390 Ohm

First Cycle 5.5 2.8 1.5 0.6 "
Cumulative (25 Cycles) 90 48 18 8.5 39 24 Ohm

137

The Rayovac Renewal cell design has several
advantages: 120h

33 1 363-

3590 3600 361032

The bobbin type cell design is inherently lower in
cost than the spiral wound design used in many The data reported includes the resistance as calcu-

rechargeable cell designs. Because the Renewal design lated via delta voltage divided by delta current between the

used has much commonality with the primary alkaline cell two points indicated as V1 and V2. When AA-cells were

production base the cost picture is further improved, tested the same regime was used except a 12 ohm
continuous load with a 195 ohm then 6 ohm 10 second

Charge Stand Times: pulses were used.
This method allows the monitoring of the cell resis-

The Renewal cell will retain a charge for years tance as a function of the extent of discharge and as a

similar to its primary analog. This is in sharp contrast to function of the number of cycles that have been placed on

other rechargeable cells which may have lost much of their the cell.
energy in a few weeks. This characteristic means that ef- In order to obtain a scan of the resistance as a
fectively the Renewal cell can be recharged and then function of discharge rate, constant current discharge for

stored for later use. one second followed by a 10 millisecond open circuit was
run. Delta voltage divided by delta current resistan(.es

Environmental Issues: were measured between these pulses and the preceding
open circuit voltage.

The Renewal design presently contains a small
amount (0.025% of battery weight) of mercury, however,
the design will be mercury and cadmium free. Again the
systems based on lead or cadmium have no opportunity to Renewal AA-cells were evaluated by the resistance
become environmentally friendly. scan method. Figure 3 indicates the results.

The. rate capability of the Renewal system is
adequate for many applications, however there is Figure 3: Typical DC Resistance AA Renewal
opportunity to improve that significantly. This paper will 10 mS Interrupt
discuss the rate capability studies undertaken. - 10

General Exoerimental Methods 0

C

The testing used within this report was performed on
a Maccor tester received from the vendor earlier this year. 0.1
Both AA and AAA Renewal and other cells as indicated
were used in this evaluation. The test for the AAA was O.Ol !
discharge on a 24 ohm resistor until the voltage fell to 0.9 0.001 0.01 0.1 1 ( )
volts. The cell was then recharged at constant current (150 Current (Amps)

mA) until the charge voltage rose to 1.65 volts at which
time a constant voltage (1.65 V) charge was con
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The apparent resistance of this undischarged, (i.e., Therefore several observations can be seen as
as manufactured) Renewal cell typically will vary between typical of this system in the AAA-cell size. 1) The
several ohms at low discharge rates to less than 0.1 ohm at resistance during each discharge will increase and in the
high discharge rates. control cell design maybe three times the starting value at

Therefore, it is necessary when interpreting this type the end of discharge. 2) The resistance as each cycle's
of DC measurement that the same current densities are discharge begins is higher than the preceding cycle's value.
used. The largest increases occur in the first five cycles. 3) The

resistance at the end of each cycle's discharge does not
m increase to the 0.9 volt end point, This is true even as the

capacity per cycle decreases, 4) It is speculated that the
Renewal AAA-cells were evaluated by the hourly change in shape of the first cycle curve is related to the

interrupt method. Figure 4 indicates the typical results for zinc form in the anode.
the first cycle.

Figure 4: Resistance Change, 24 Ohm Discharge ExDriment 3
AAA RAM Cell

16 35 A Renewal AA-cell was assembled with two
4 ,platinum wire probes placed immediately on either side of

2 2.5 the separator in the anode and in the cathode mass. The
I 2probes were in electronic contact with the electrode in

>• which they were placed. The cell was then cycled on the
08 AAA hourly interrupt loads and schedules. A resistance
06 was calculated for both the cell and probe curves and
04 05 resulted in the following data.

05 10 15
Hours

voltage vO 24tns & Resistance Cycle Pulse Cell Probe Probe as %
Resistance Resistance of Cell

The resistance starts at 0.55 ohms and increases as 1 1 0.41 0.28 68%
much as three times in the course of the discharge. 1 15 0.63 0.46 73%

As the cycling of the cell continues the resistance 1 28 1.57 1.24 79%
initially in each cycle's discharge is a higher value. 2 1 0.47 0.26 55%

In Figure 5 the initial resistance for the second cycle
was 0.55 ohms which increased to 0.9 ohms by the 25 Figures 7 and Figure 8 are graphic displays of the data
cycle, generated.

Figure 5: Resistance vs Cycle

18 Figure 7: AA Renewal, Probe Voltages
Cycle 1 Pulse 1

A~ !5S14 dl Cycl 2

12 Cyce 5 1 48

1 iCycle 15 1 46
-fb Cycie 25

01 44 Prb

0 2 4 6 8 10 12 14Pulses14

1 16 1 165 1A 1? 1175 I isHowever the maximum resistance developed when rime (Ho'urs)
the voltage fell to 0.9 volts did not increase. These end of
discharge resistances varied between 1.4 and 1.8 ohms. *The voltage between two plalinum probes placed

Finally in Figure 6 the unique shape of the first dis- immediately oneitherside ofthe separator.

charge can be seen as compared to the second cycle. The
identical second cycle data was shown in Figure 5 and can Therefore when the cell resistance is at the highest
be seen as typical in shape for all subsequent cycles. (28th pulse) the resistive loss that might be related to an-

ode or cathode contact resistance is no more than 20 per-
Figure 6 Resistance vs Cycle cent of the total.

With First Cycle

Experiment 4

, co I Experiment 3 lead us to evaluate the separator re-
*cycl. sistance contribution to the total cell values. The Renewal

design includes a multilayer separator design including
,. ,, • ,barriers. The primary alkaline systems that are commonly02 12 available do not have the same degree of separation and

do not typically have barriers in them. Therefore three
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Figure 8: AA Renewal. Probe Voltages These samples were then assembled into cells and
Cycle 1 Pulse 28 evaluated.

115 •All three samples (Figure 10) on the first cycle
11 show a resistive plateau that is quite different from the

control (Renewal) separator . For samples 2 and 3 the
105 ultimate resistance that the cell reaches to 0.9 volts

appears to be less than sample 1. However, the initial
1 CellVoltage capacity can also be seen to be somewhat diminished.

-Probe No shorting was seen in 25 cycles.
0.95

28 16 28.165 28.17 28,175 28 18 Figure 10 AA, Separaror Variations
Time (Hours) Cycle 1

"The voltage between two platinum probes placed 2

immediately on either side of t"e separator.

typical primary AAA-cells were discharged by the one
hour interrupt test. Figure 9 shows the results. 6 #san1e~l

Figure 9: AAA Pnmary Cell Resistance Sanflfe #2

Samrple #3
2

0 5

15

*OPgA 0 5 10 15 20
,=, %Nlg 8 Pulses

.I.N9C Figure 11 shows the results of cycling sample #1.
%Rnewal It can be seen that the plot of the increase in resistance

0 5 after the first cycle looks very much like the control and no
longer has the plateau shape.

Figure 11: AA, Sample #1
0 5 10 15 20 25

Pulses 2

Manufacturer B and C produce primary cells that
have a slightly lower resistant initially but which rise in re- 15
sistance as the cell discharges and reaches the values 1

very similar to the Renewal cell when the cell reaches 0.9 * cycle

volts. Manufacturer A, which has a relatively high initial .1Cycle 5
resistance, does not experience the same steady rise in & Cycle 10
resistance. 05

Therefore, the much lower separator resistances
that are used in primary cell designs do not cause a sig- 0 o
nificant decrease in the maximum resistance achieved. 0 5 10 15 20

Pulses

Experment 5
Conclusions

Separator systems that may decrease the amount
of zincate diffusion to the cathode and therefore diminish The Renewal AAA and AA-cells are moderate rate
the increase in cathode resistance, were evaluated, cells which have a resistance of 0.4 to 0.6 ohms as
These samples were first evaluated for resistance in a measured by the test used in this work. That resistance
conventional flooded electrolyte set up. The values cb- will increase as the discharge continues and limits the
tained were: cells pulse capabilities toward the end of discharge. It has

been shown that the electronic resistance associated with
Resistivity electrode contact is no more than 20% of the total cell re-
ohm cm 2  sistance when the resistance is the highest, i.e., towards

Sample 1 0.65 the end of discharge. This observation indicates that rate
Sample 2 0.23 improvement projects will be most productive when posi-
Sample 3 0.36 tioned in the electrode interface/separator systems. Data
Renewal 0.58 has been presented to indicate that the separator system
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used may influence the resistance increase as the dis-
charge is completed.

We will continue to explore other areas that may
effect this resistance.
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ADVANCED SILVER ZINC BATTERY DEVELOPMENT

Z. ADAMEDES AND T. TERJESEN
BST SYSTEMS, INC.

PLAINFIELD, CT 06374

ABSTRACT PART IA: RESTRUCTURED CELLOPHANE

Historically, silver-zinc batteries have BACKGROUND
not been capable of reliably providing more
than 100 discharge cycles at 100% depth of In silver zinc secondary battery cells,
discharge. This paper describes the regenerated cellulose (cellophane) is
development of silver-zinc cells that are positioned under pressure between anodes and
capable of extended cycling. These cells cathodes. Cellophane when in close contact
incorporate new separator materials, improved with a powerful oxidant such as silver
negative electrodes and optimized design divalent oxide (Ago) and in the presence of an
features which all help to enhance cell electrolyte'such as potassium hydroxide (KOH)
performance. Cells fabricated using these new oxidizes into aldehydes and ketones. This
materials and features reliably delivered over oxidation reaction weakens the structural
240 cycles without failure and with excellent integrity of the film making it more permeable
capacity retention. Thus, the test program to migrant metal ions and silver impregnation
has demonstrated a significant advancement in by colloidal silver which eventually short
the cycle life of silver-zinc cells, circuit the cell. The resulting structural

weakness of the separator also make the
separator more susceptible to zinc dendrite

INTRODUCTION penetration. In practice, multiple layers of
cellophane are used to prolong the life of the

A systematic development program has been separator system. This not only adds weight
undertaken by BST Systems over the last and volume to the cell but also increases the
several years the goal of which was to electrolytic resistance of the separator
significantly improve the performance system.
characteristics of the silver zinc cell. The
silver-zinc battery holds several distinct
advantages over other couples, including high A multi-year separator improvement
power capability, good gravimetric and program has been conducted to improve the
volumetric energy density and rechargeability. separator systems for silver zinc cells. This
However, the couple has suffered from effort has included the identification of new
limitations in cycle life and attending suitable separator materials as well as the
capacity degradation. These limitations can improvement of currently used state-of-the-art
be directly linked to shortcomings in the materials.
separator system and capacity loss due to zinc
electrode shape change. This development As part of this program, BST Systems,
program has integrated several approaches, Inc. developed an environmentally benign
including material innovations, to obtain the process that alters the cellophane such that
goal of an improved silver zinc cell. the resultant material exhibits improved

resistance to silver penetration.
Additionally, the restructured material has

Among those approaches was to use similar physical characteristics to untreated
improved negative electrodes which incorporate cellophane (thickness, color, resistance,
the use of a binder material which has been etc.). An experimental program was conducted
shown to significantly reduce shape change. to verify this performance in silver-zinc

Additionally, an improved cellophane- cells.

based separator material has been developed by EXPERIMENTAL
BST Systems (patent pending).

A film of uncoated unplasticized
This paper will discuss in Part 1 some of cellophane was treated according to the method

the material improvements made in cell developed by BST Systems. Ten 5 AH cells were
components by BST Systems. In Part 2 the data fabricated utilizing six layers of this
from a development program incorporating "restructured" cellophane around each positive
multiple component improvements is presented, electrode. Control cells were made with the
the result of which was the demonstration of a standard film.
240 cycle cell.

The cells were placed on a cyclingAll work presented herein was conducted program where the cells were charged at a C/10
as part of BST Systems's on-going internal rat and 1 he dis charged at a C/50deveopmnt nd iproemet pogra whse oal rate and 100% discharged at a C/5 rate for 50
development and improvement program whose gohI cycles. At the end of the cycling, the
is to demonstrate and produce enhanced high cellophane materials were removed and each
performance silver zinc cells, layer of the cellophane wrap was analyzed for

silver content.
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RESULTS material. The cells were then charged at the
C/10 rate and 100% discharged at the C/5 rate

The results of this silver content for a total of ten cycles. Each charge cycle
analysis are presented in Figure 1. The data included 5 hours of overcharge to stimulate
shows that the cellophane material treated silver migration. The cells were then
using the BST process has significantly larger dissected and the first, second and third
quantities of silver in the first layer (layer layer of cellophane of each cell was
nearest the cathode). The treated material chemically analyzed to determine the silver
selectively resists the passage of the penetration in the separator.
dissolved and colloidal cathodic material more
effectively than untreated cellophane and has RESULTS
superior resistance to silver penetration.

The results of the silver penetration
analysis are presented in Figure 2. The data
indicates that this new material has four

FIGURE 1 times more resistance to silver penetration
NORMALZED SILVER PENETRATION IN CELLOP than the non-woven polyamide fabric.

SOCHARGE - DISCHARGE CYCtyS

I.9 . -.. FIGURE 2

SILVER PENETRATION IN SEPARATOR
SILVER-zICCELL AFTER I1CYCLES

15
04

el 2 -

LAYER NUMBER

REGENERATED CELLOPHANE ZRESTMUCTURED CELLOPHAINE

No voltage differences were discernible 1 2 3
CELLOPHANE LAYER NUMBER

between those cells built with the CELLS wrT E w-mEEP."A*oR
restructured cellophane and those built with *CEFUSWITH PLYAMIDEIN TERSEPARA1TR

the untreated cellophane.

PART 1B: DEVELOPMENT OF A SILVER SCAVENGING BST Systems has since incorporated thisPATR B DE E Omaterial into a large rechargeable silver zinc
MATERIAL cell with excellent results. Cells fabricated

BACKGROUND using this material met all required voltage

and capacity requirement and successfully

As discussed above, cellophane is completed extended testing where the cells

oxidized and weakened by silver divalent oxide were maintained on charge stand or on "float"

(AgO) in the presence of an electrolyte (KOH). for over 18 months.

The use of a permeable material such as a
cellulosic spacer (Aldex paper) or woven PART 2: THE DEVELOPMENT OF AN EXTENDED CYCLE
polymeric material or non-woven polymeric LIFE CEXN
fabric (nylon or "pellon") has been shown to LIFE CELL
be effective in reducing the direct contact of A silver zinc design "concept" was
the semi-permeable membrane to the silver d andvproduc in ac5cpt cel
oxide and inhibiting the transport of the developed and produced in a 5 AH cell

dissolved oxide. However, the attack of the configuration. The design concept was a

dissolved silver oxide on the cellophane film holistic approach to cell improvement and

cannot be prevented by the above type spacer involved the utilization of shape resistant

materials. Several materials which showed negative electrodes, the use of restructured

promise as spacer materials were identified cellophane and other polymeric materials as

for use and a development program was well as an optimized system design.

conducted to quantify their performance.
Based on promising preliminary results one EXPERIMENTAL
material, designated as B239, was selected for
further study. Six 5 AR cells were fabricated utilizing

EXPERIMENTAL the new negative electrodes and the new

separator. Cell design details are tabulated

Six 12 AR silver zinc cells were in Table 1. Standard 45% potassium hydroxide
fabricated using one layer of 8239 placed was utilized. The cells were then cycled
adjacent to the silver electrode followed by according to a regimen consisting of a chargethree layers of cellophane. A layer of this at the C/10 rate followed by a discharge atmaterial was also placed adjacent to the the C/5 rate. In order to truly tax thenegative electrodes. Control cells were cells, all discharges were deep (100% depth of

fabricated using nonwoven polyamide fabric of discharge). The cycling was conducted at room
identical thickness in place of the new temperature until failure occurred.
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TABLE I FIGURE 4

L5 CELL DESIGN C PSA J- u EI,%,MD •

# OF POSITIVES: 6

SIZE: 1.75"Wzl.406"h Go

THICKNESS: .015"

# OF NEGATIVES: 5 FULL/2 HALF .. i
SIZE: 1.75"Wxl.406"H

THICKNESS: 0.034"

SEPARATOR: +/PELLON/2T POLY1ER/5T C C N.

- C.91 #I - C.I 02 _ C.. j #3 C -.4 04 -4 .CAl 5 - -el ft

RESULTS

Figure 3 illustrates the cycle life
performance of the cells. The first failure
occurred on cycle 241. Three of the six test
cells completed 300 cycles without failure. CAPACITY RETENTION VS. CYCLE NUNNER
Cycling was halted shortly thereafter on these
cells after the output capacity fell below 50% CYCLE I
of the initial capacity. CELL 50 100 150 200 END OF

"LIFE"

(CYCLE I)
F1GURE 3 1 82% 82% 84% 68% 68% (CYCLEFIGURE ____241)

CAPACITY VERSUS CYCLE LIFE 2 79% 78% 79% 66% 62% (CYCLE
LSC CELIL DESIGN. ALL CYCLES I'0 DOD 263)

3 79% 78% 79% 64% 59% (CYCLE

"4 82% 80% 85% 76% 42% (CYCLE

1 300 ,)
81% 76% 83% 74% 49% (CYCLE

80% f79% 70% 59% 49% (CYCLE
. . 300+)

Silver utilization continued to be
i0 1 1,0 No 2% 3 excellent throughout the life of the cells.CYCLE 0 Silver utilizations were in the order of 2.8

•-CE •0 71- CELL 2 CELL03g/AH (357 mAH/g). After 200 cycles,÷CEI 4-+CELL #• -CELL#3 utilizations were in the order of 4.6 g/AH(217 mAH/g). Quantitative data is shown in

Table 3. Figure 5 illustrates the silver
Capacity retention is illustrated in utilization over 300 deep discharges in

Figure 4. The cells demonstrated exceptional graphical format.
capacity retention over the life of the
program. After 100 deep discharge cycles all
cells retained approximately 80% of the
initial capacity. After 200 deep discharge SILVER UTILIZATION AScycles the cells provided an average of 68% of A FUNCTION OF CYCLE LIFEtheir initial capacity. The three cells which (ROTE: ALL DISCEARGES WERE TO 100% DOD)
provided 300 cycles still retained 50% of
their original initial capacity. Capacity
retention is also tabulated in Table 2. CYCCIE # OUTPUT SILVECAPA.CI TY UTILI ZATION

(AR) (MAH/9)

1 5.25 Al 351
50 4.23 Al 303

100 4.06 AS 245

150 4.21 Al 255
200 3.53 Al 214

250 3.71 AH 225
300 2.6 AR 158
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FIGURE 6

Silver Utilization

too

0 so IsO 150 2o

CONCLUSIONS

Significant improvements in silver zinc
chemistry have been demonstrated, with 240-300
cycles having been achieved at 100% depth of
discharge.

A method of treating the cellophane has
been developed resulting in a material that
exhibits superior resistance to dissolved
cathodic material, colloidal metals and their
oxides. The derivative material is semi
permeable and similar in electrolytic
resistance to that of regenerated cellophane.

Replacement of conventional materials
such as woven and non-woven polyamide and
cellulosic paper with the new silver
scavenging material in cells containing silver
cathodes would significantly reduce the rate
of failure due to silver migration and would
be very effective in long life batteries.

Significant improvements in the cycle
life and cyclic capacity retentive capability
of silver-zinc secondary cells is clearly
possible. For applications where safety,
reliability, high energy density and
rechargeability is required, extending the
cycle capability will enhance the
attractiveness of this chemistry.
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DEVELOPMENT OF SILVER-ZINC CELLS OF IMPROVED CYCLE LIFE AND ENERGY DENSITY
Roberto Serenyi

Yardney Technical Products, Inc.
Pawcatuck, CT

Abs two of the cell components: the zinc electrode and the
separators.

Substantial improvements to the cycle life and energy
density of rechargeable silver-zinc cells were achieved The Zinc Electrode
during a Phase I SBIR program, sponsored by the Naval This component of the silver-zinc system is
Surface Warfare Center, White Oak Detachment (Dr. S. responsible for the above cycling limitations. The major
James), by advancing the state-of-the-art of the negative reasons are shape change and the formation of zinc
electrodes and the separators. dendrites.

The results show a 68% longer cycle life (160 vs 95), Shao Change: This is a phenomenon whereby zinc
and 38% better utilization of active materials, along with oxide, formed during the discharge, is partially dissolved in
70% higher capacity after 90 cycles, compared with standard the electrolyte and redeposited during the charge in a
cells. location different from where it originated. The result is a

To achieve those improvements we relied on a new gradual depletion of the active material at the top and edges
class of materials, known as Electro-Permeable Membranes of the electrode, which eventually lose all electrochemical
(EPM's), covered by U.S. Patent No. 4,797,190, issued to activity. As a consequence of shape change, silver-zinc cells
Mr. Robert L. Peck, with whom Yardney has a licensing lose 50 percent of their initial capacity in about 50 to 150
agreement. These materials are used as additives and/or cycles, depending on design and mode of operation. Within
coatings for the zinc oxide electrodes and also as coatings that range, capacity losses occur faster when cells are
for conventional separator materials, operated at high charge and/or discharge current densities.

Phase II work, presently under way, has the following Zinc Dendrites: Zinc dendrites are a sharp,
main objectives: (1) Optimization of EPM formulations for crystalline form of the metal that is produced near the end of
performance, reliability and ease of manufacture and (2) charge and during overcharge of the zinc electrodes. These
Development of mass production techniques, for cells of all dendrites may puncture the separators, causing irreversible
sizes. cell failure.

The successful completion of the program will result
in improved Ag-Zn cells, capable of 150 cycles as a The Separators
minimum, at higher energy densities than presently available Regenerated cellulose in various forms (plain or
and with extended wet life, which would be very attractive treated cellophane, fibrous sausage casing) has been used as
for a multitude of military, space and commerical the main separator for silver-zinc cells since the early days
applications, such as propulsion for small submersibles, of the development of the system. Indeed it is nearly ideal
undersea rescue vehicles, torpedoes and targets, in many respects, but it suffers from one serious weakness-
communications, short bursts of very high power, missiles limited resistance to oxidation by silver oxides, by oxygen,
(for telemetry, control, rocket stage separation, self-destruct and by the electrolyte. As a result, the life of silver-zinc
capability), lunar exploration, astronaut's extravehicular cells built with regenerated cellulose is practically limited to
activities, television cameras and recorders, surgical about two to three years, although some tested under
instruments, pipeline inspection crawlers, and many more. laboratory conditions have lasted over four years.

Backnround Information Technical Obiectives

Present state-of-the-art silver-zinc cells offer the The main technical objective of the program is the
highest energy density among the commercially viable advancement of the state-of-the-art of the silver oxide-zinc
rechargeable batteries (up to 250 Wh/kg), the highest power system through improvements to the negative electrode and
density (up to 800 W/kg for continuous discharges and 3000 the separators.
W/kg for short-duration pulses), a relatively low self-
discharge rate (3 to 8 percent per month at 250 C, depending Improvements to the Negative Electrode
on cell design) and a flat voltage during most of the This is not an easy task, as all earlier attempts to
discharge. However, they suffer from two serious achieve anything more than modest improvements were
drawbacks: unsuccessful, or in the case of recently published work,

"* A relatively short wet life (maximum of two remain unproven.
to three years) However, YTP believes that substantial

"* Relatively rapid capacity degradation, which improvements can be achieved that would extend the life of
limits the number of useful cycles to 50-150 the silver-zinc system by a factor of two or better. For that
(or the equivalent number of shallow cycles) purpose, YTP relied for most of the work on a new class of

These shortcomings are mostly due to the deficiencies of materials known as Electro-Permeable Membranes (EPM's),
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which were invented by Mr. Robert L. Peck of T&G Details of the last two tasks are described below.
Corporation, a small business concern located in Lebanon,
Connecticut. Cell Design and Manufacture

EPM's are the analog of biological membranes which A total of 36 cells (4 each of 9 different variations)
can keep two different solutions or electrolytes separated were built and tested. This number includes 4 standard cells
indefinitely yet can freely transfer selected ions. They have (one variation) and 24 (six variations) with EPM's. All cell
been described as ionic semiconductors and are the ionic packs occupied the entire depth of Yardney's 12Ah cell
analog of electronic semiconductors. cavity without spacers. As a result, the cells had variable

EPM material consists of a two-polymer blend. One amounts of active materials and were judged both in terms
of the polymers is a long chain hydrogel such as used to of overall capacity and capacity per gram of active silver.
thicken solutions or to form gels, while the other polymer is Details of the design of the best performing variation
a supporting material and can be one of the common plastics of cells with EPM's, designated as V2, compared with that
such as polypropylene, polyvinyl chloride (PVC), or of the standard cells are shown in Table 1 below.
polyvinyledene fluoride (PVDF). There is a broad range of
hydrogels and plastics that can be used. Table I - Cell Design Details

For use in silver-zinc negative electrodes, various
EPM formulations were coated on zinc-oxide particles to Denuination VI(l) V2

provide encapsulated domains expected to remain stable Positives, number 4 4
during charge and discharge, thereby maintaining a stable Collector (2) (2)
electrode morphology. Powder (g) 27.7 34.0

Dinensions (in) 1.50 x 2.25 1.50 x 2.25
Thickness (in) .027 .033

Improvements to the Separators Total active area (in') 26.8 26.8
The useful life of silver-zinc cells is normally limited Negatives. number 5 (3f+2h) (3) 5(3f+2h)

by the zinc negative electrode. However, as soon as Collector perf. Ag foil perf Ag foil

substantial advances in zinc electrode technology are Zinc (g) (4) 23.5 30.4
accomplished, the need for improved separators will be felt Additives 1% HgO 3.8% EPM(5)

Thickness (in) (6) .053/.0285 .064t.034
immediately. Again, YTP relied heavily on the EPMs for Constution Pasted Mold pressed
this purpose by coating them onto existing separator Coating none none
materials. The films that were applied were the following: K ratio (7) .85 .855

"* Cellophane, still predominant in rechargeable
silver-zinc cells; only one side of the film was Separators

Positive ST C-19 (8) 3T C2500 (9)coated. Negative I P5-bag (10) 1 P5-bag

"* Celgard 2500, a 1-mil microporous Coating none EPM (II)
polypropylene (with 45 percent porosity),
which in its natural form is hydrophobic and Eleco 42% KOH 42% KOH
therefore unsuitable as a separator for aqueous (1) Standard cell

electrolyte batteries. The high-water-chain- (2) Epanlded siver mesh
content EPMs impart good ionic conductivity (3) Three full electrodes (center) and 2 halves at each end

to these separators while their negligible (4) Including additives
(5) Solvent based, code number 17K

diffusion rate restricts electrolyte mobility to (6) Full/half-end
a minimum, which should minimize the shape (7) K = mass of active zinc to active silver
change of the zinc electrode. Both sides of (8) 5 turns YTP silver treated cellophane

(9) 3 turns Celgard 2500
the film were coated. (10) 5 mil non woven nylon (Pellon) bag

(11) Code number 2525

Experimental
Cell Testing

The work on Phase I of this program was divided into All cells were given three formation cycles and two
several tasks, including: tests cycles, as shown in Table 2 below.

"* Development and preparation of EPM
formulations for the negative electrode and the Table 2 - Formation and Test Cycles
separators.

"* Development of manufacturing procedures for Cycle Charge Discharge Druin[ I I
small quantities of negative electrodes with No. Current EOCV Current EODV Current EODV
EPM's and extension to pilot plant quantities. (A) (A) (A)

"• Coating of Celgard and cellophane with F-I - 21 4. 1.10 - -

EPM's. _-I 0.3 210 40 110 10 110
"• Cell design and manufacture. F-2,F-3 0.4 2.05 4.0 1.10 - -

"* Cell testing. 1-2 0.5 2.05 4.0 110.10
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Note: Notes (1) LC = low capacity (negative electrode *sh" chmage)
(i] Whme dt 4-A diadarge has redeued oell volte to 110, th (2) SS = slw aort (silver pmetration)

curmrt is lowered to I A anI the discharge Camin') is
contAnmed, agin to a 1.10-V cuof Q The most important results of the cells in

At the end of cycle 2, the cells were divided into two this group are shown in Tables 5, 6 and 7 below.

groups (two cells of each variation per group) and tested as Table 5 - Gas Evolution
follows:

GrouR A: The cells in this group were cycled __ __ __ __ __ __ __ __i_ _2

continuously on a computer controlled test station, at 40% vu/ Numer v v2
depth of discharge, with full capacity discharges every 15 Go Evolhtion (1)

cycles, until unable to deliver their shallow cycle capacity omO•a X 8 avege 18.3 x l*' 5.5 X 1(C(
(approx. 143 mAh per gram of active silver). cml/tion a e4

UrMo B: These cells were used for characterization
tests, including gas evolution measurement, and high rate Notes
and low temperature discharges. (1) Lt 8 hrs of a 24 hr chadre stand at 100IF

(2) For a comnplete dischmrge at 4.OA at 25"C

Test Results Table 6 - Low Temperature Discharges

For the sake of brevity, only the results of variations
VI (standard) and V2 (best performing EPM's) are shown. Varlato Nu r vI v2

Disham (4.OA at 0"C)

Cycles 1 and 2 Avgminimiiuwnvoltage 1.424 1.417
Avg output (Ah) 8.64 10.85These cycles, performed as stated in Table 2, were AvgmA/gsv 312 319

used to establish the baseline capacity of the cells. Theresults were as follows: )icag (4.0A at -20"C)
Avg minimum voltage 1.209 1.128
Avg omput (Ah) 7.36 8.55

Table 3 - Cycles I and 2 Avg mAh/g silver 266 251

Variation Cell Output (Ah) Average, cys 1-2 Table 7 - High Rate Discharges at 25°C
No. No•

No.__ No.__ Cycle I Cycle 2 Ah mAb/g(l) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ V2
Variation Number Vl V2

VI I 9.22 9.59
2 9.84 9.95 Average minimmn voltage
19 9.64 9.84 at 4.OA 1.475 1.472
20 9.82 9.73 at 8.OA 1.436 1.435

Avg 9.63 9.78 9.70 350.2 at 1!2.0A 1 .407 1.411

V2 5 12.25 12.37
6 12.39 12.57
23 12.65 12.73
24 12.58 12.64 Conclusions (Phase 1)

Avg 12.47 12.58 12.52 368.2

Note: Electrical tests performed on the best variation of
(1) minianper-houn per g= o aive silver cells with EPMfs (V2) were quite encouraging and justify the

expectations originated by preliminary tests. In Group A
Q= A: The deep discharge capacity of the cells on testing, V2 cells run well ahead of the standard cells in the

this regime is shown in Figure 1; Figure 2 depicts the same following areas:
data, expressed in mAh/g of active silver. The actual * They had a 68 percent longer cycle life (160
number of cycles to failure (as defined in the preceding vs. 95).
paragraph) and the reasons thereof are listed in Table 4. * They had a 32 percent better silver utilization

after 60 cycles and a 38 percent better
Table 4 - Cycles to Failure utilization after 90 cycles.

0 The overall capacity was 62 percent better
Cell No. Variation No. No. oCycles Failwe , after 60 cycles and 70 percent better after 90

I Vi 94 LC() cycles. This margin is very important because
it reflects the actual capacity improvement

2 VI 96 LC realized in cells of the same external

s V2 159 SS(2) configuration. The improvement results from
the combination of a better silver utilization

6 "V2 162 SS _ and the additional amount of active materials
made possible by using thinner separators.
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0 The 160 cycles obtained were far more are:
than ever achieved from silver-zinc 0 The fabrication of composite zin-
cells with main separators of the same 1id./ EPM electrodes by a mass
thickness (less than 0.1 nun). production method, i.e.: wet pasting

The perfonnance in Group B testing of cells with 0 The fabrication of composite zTijwEPM
EPMs also oampares favorably to that of the standard (V 1) electrodes by electrfofming the above,
cells, another mass production technique

* Gas evolution on charged stand and on 4 The verification of the viability of the
discharge was only about 30 percent pasted zinc-oxide/EPM electrodes by
that of the standard cells. This is a very single electrode cell tests
welcome result that is taken as evidence 0 The coating of separators (cellophane,
of the lower solubility of negative Celgard and PVA) with EPMs
active material in the electrolyte, which
translates into a reduced rate of shape . .
change and. therefore, longer cycle life.

* Voltages at 4.0, 8.0, and 12.0 A were ...... ...-
essentially the same as for the standard ............-
cells, indicative of good high-rate--
discharge performance.

* Low temperature performance was -" - ......
good at O°C but only fair at -20*C, _ - _
where the minimum voltage was 80 "
millivolts below the standard cell .

voltage... ..

Phase II Work9 "
The Phase U program is a continuation of the ..........

Phase I effort with the following main objectives: (I J to
demonstrate that improvements beyond those achieved in .......
Phase I are possible, [21 to extend those improvements to CAPACITY IN DEEP CYCIES
all sizes of silver-zinc cells, including those used for
torpedo, target and unmanned underwater vehicle ... ,
propulsion, and to "dry charged" cells, 131 to develop
manufacturing procedures adaptable for the production of "" -_-- - -

pilot plant or larger quantities of cells containing the . . -

additives and/or coatings, and [4] to develop adequate
quality control procedures to insure the reliability of the . . - -.
cells and the reproducibility of the test results. . "4 "-- -

The most important tasks of Phase II are:
* Further development and preparation of - - . __- -

EPM formulations
* Further development of manufacturing

procedures for negative electrodes with ........ ..... .
EPMWs, with emphasis on those
adaptable to pilot plant or mass
production quantities c,•,,

* Development of quality control Mot ,. ,ftl Pit.?
procedures SILVER UTILIZATION IN DEEP CYCLES

* Cell design and manufacture, which
includes 96-8.5 ampere-hour cells, Acknowledment
divided into 3 groups and 32-190 This work was supported by the Small Business
ampere-hour cells Innovative Research Office and by the Office of Naval

* Cell testing, along lines similar to those Research, under the High Energy Battery Project
of Phase I, to determine cycle life, gas
evolution and capacity and voltage at Referene
high rate and at low temperature (I] NSWCDD/TR-92/296 : Development of silver-

zinc cells of improved cycle life and energy
Conclusions (Phase 11) density, 3/3/94

It is too early in the program to draw any clear [21 Yardney Technical Products, Inc. SBIR proposal
conclusions. The major accomplishments achieved so far for Phase 1H of the above program, 6/12/92
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AUTOMATIC GENERATION OF SPICE* MACROMODELS OF BATTERIES

Xavier ANDRIEU, David KIERBEL

Alcatel Alsthom Recherche, route de Nozay, 91460 Marcoussis, FRANCE

This paper presents the means to automatically The impedance measurements were carried out in
obtain behavioral models of primary and secondary the frequency range 0. 1Hz-65KHz, using a frequency
batteries based on SPICE modeling. The behavior of response analyzer model 3562A connected to an
the battery is recorded by a frequency signal analyzer electrochemical interface model SI 1286, both from
in the frequency domain. The response depends on the Solartron Schlumberger. The batteries used for the
nature of the electrochemical couple, the experiments were AA VR nickel cadmium from Saft,
physicochemistry, the state-of-health, the state-of- and lithium carbon US18650 types from Sony. The
charge and the technology of the cell. A computer nickel cadmium batteries were charged at the C rate
software program analyzes the impedance spectra, with an overcharge coefficient of 1.4 and discharged at
generates electrical equivalent circuits of the generator the C rate. The lithium carbon batteries were charged
and finally produces SPICE input files. The battery at constant current (C rate) and at constant voltage
macromodel can be used by the large family of analog (4.2 V) for two hours. The discharges were interrupted
circuit simulators. The macromodel can be a simple at different levels to make impedance measurements.
description of the battery in a precise state or a The real state-of-charge of each level was calculated
complex representation of the battery working after the complete discharge of the battery. PSpice 6.0
involving the variation of the state-of-charge. That is from MicroSim Corporation was used as Spice
realized by a succession of discrete models or by simulator. The data analysis and PSpice netlist
incorporating variable components in the macromodel. generation programs were written in Visual C++ 1.0
Examples of modeling are given for nickel cadmium from Microsoft. All the programs run on the IBM PC
and lithium carbon batteries. family.

EN Q.. QON NETWORK

A lot of work has been devoted to the modeling of The basis of this modeling is the synthesis of the
batteries. Most of the classical models are based on a equiv-.lent electrical circuit of the battery. Until now
description of the electrochemistry and the several methods have been investigated in order to fit
physicochemistry of the batteries. Sophisticated ones experimental data obtained by impedance spectroscopy
can also include a description of the technology and [21131141. Most of these techniques needs to define the
the hardware. If these models are interesting for the network to fit (structure and number of components)
understanding of the electrochemical phenomena, they and to provide to the computer entry data
present some limitations. The simulation of a real (approximative values of the components). The
working from basic data and a theoretical analysis frequency response of a system does not uniquely
does not still fit well the experimentations and a determine the circuit used to model that response [51.
readjustment of the input parameters can be The proposed synthesis is arbitrary and does not take
necessary. As a matter of fact, these models are more into account electrochemistry. The impedance spectra
interesting for the electrochemists and battery recorded at different states-of-charge are analyzed with
manufacturers for the improvement and the design of the following process. The basic hypothesis is that
cells than for the battery users. most of the impedance spectra (in the positive real /

SPICE is a powerful, general purpose circuit negative imaginary quadrant) of batteries can be
analysis program that simulates analog circuits and by modelized by n RC parallel cells in series (figure 1),
far the most popular simulation program being used that means by a distribution of time constants through
today by electronicians. The SPICE models of batteries an electrical network.
that have already been described I I] allow to simulate
dicharge curves at different rates, but do not take into The two main difficulties are the determination of
account the complex impedance of the cells and its the time constant distribution law and the number of
possible variation with the battery working. RC cells. The calculation of the capacitor and resistor

The knowledge of the source impedance is a very values, and the determination of the number of RC
important parameter to connect batteries to switching cells are realized in three steps. Firstly the number of
regulators, choppers, motors, actuators, relays, etc... RC cells is fixed and all the resistors have the same
The behavior of a battery-powered system can be value. The computer generates a network consisting of
disturbed if the system does not match well the one RC cell and adjusts the capacitance to reduce the
battery. That is why it is interesting to modelize an gap with the experimental spectrum. A second RC cell
appliance and a battery in the same time. The is added to the network and the capacitance is still
presented modeling will allow to consider a battery as a adjusted as previousely. This process is repeated for all
common component in a complex electrical circuit, the RC cells. At the end, the calculated impedance
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spectrum fits well with the experimentation, but the 0.1
number of RC cells is too high. _--- [o Experimental

o o8 SPICE simulation

0-

- 0.04-

Figure 1. Basic circuit of the battery electric t 0.02

equivalent network

-0--I--
Figure 2 shows the value of the capacitance versus 0.08 0.1 0.12 0.14 0.16 0.18

the number of RC cells for an impedance spectrum of a
lithium carbon battery. As a matter of fact, this curve Z real (Ohms)
presents the distribution of the time constants through
the network. Figure 3. Experimental and fitted impedance spectra of

a lithium carbon battery

+V 10 0 . ............... ............... ".... ...... .. ................ ............... ................ .... ....... .. ..W. .... SSPICE MODELING
.........o..... - ---- - . ... ............... UL.

- The first work consists in modeling an electrical
network with components varying with the state-of-S 1charge. Each resistor and capacitor of the previous

.. .............. •" -: ............... .............................. .............................................. . ...... E c r s s o n c p c t r o t e p e i u

network must be separatly controlled according to a
Cu .,+4- table describing its variation versus the state-of-
S........................................................................................ ............... .................. T hat is realized by using voltage-controlled

OJ resistors and capacitors. The components are obtained
with impedance and admittance mutiplier subcircuits

0.01 - + (ZX and YX subcircuits in the PSpice library). These
0 10 20 30 40 50 60 70 80 subcircuits employ an external component (capacitor

Number of RC cells or resistor) that is sensed. The output impedance or
admittance equals tlbe value of the control voltage
times the reference. As a result, the output impedance
or admittance is seen by the circuit as a floating

Figure 2. Capacitance versus the number of RC cells resistor or capacitor. Figure 4 shows the simple RC
for a lithium carbon battery network consisting of two ZX and YX subcircuits in

parallel with their reference components.

The'second step consists in reducing the number of
cells by combining the cells presenting nearly the same State-of-Charge to n+1 cell
capacitance. After this operation, the new computed
impedance spectrum differs slightly from the previous
one. The third and last step consists in a final
adjustement of the synthesized network components
by an iterative procedure. Figure 3 shows the El
experimental and fitted impedance spectra of a lithium ZX
carbon battery. The several impedance spectra are - 0 Rarnce a -lmce

recorded during the complete discharge of a battery. ETABLE R ref C rer ETABLE
The two first steps are only realized once and the final
adjustment at each time. That allows to have a to n-I cell
continuous variation of the network components with
the state-of-charge.

Figure 4. Voltage-controlled RC cell

283



The values of the components are imposed by a network and generates the PSpice netlist. The
look-up-table voltage-controlled voltage source frequency response analyzer is programmed through
(ETABLE) that contains their discrete variations. This the computer to record successive impedance spectra
look-up-table source modelizes the resistance or the during a discharge. Data concerning the battery
capacitance variation versus the state-of-charge. The efficiency are introduced separatly and come from
intermediate values are interpolated. The complete discharges at different rates. Figure 6 shows the flow-
battery equivalent circuit comprises several circuits as chart of the complete process.
described above in series. Each circuit is characterized
by its own look-up table. By applying a voltage between
OV to 1V to the SOC input, the impedance spectrum
varies continuously from 0 to 100% of state-of-charge. APPLICATON
This network is included as a subcircuit in an other BATTERY
circuit that modelizes the discharge of the battery
taking into account the voltage variation with the
state-of-charge and the energy efficiency with the Frequency
discharge rates. A possible electric circuit is illustrated Dischaest response
in figure 5. different rates an sts

SOC Z ythesis

SPICE SPICE
Cell capacity nntsnelt

Figure 6. Flow-chart of the battery model generation

Nine impedance spectra were recorded during the
OT discharge for lithium carbon and five for nickel

R2 H 1 , cadmium. After data analysis, the number of RC
parallel cells was respectively four and five. Impedance
analysis was performed with the SPICE simulator by

Figure 5. Generic electric circuit of a battery connecting a frequency swept AC courant generator to
the OUT+ and OUT- terminals in the electrical

A look-up-table voltage-controlled voltage source diagram. Figures 3 and 7 show the initial experimental
generates the battery voltage according to a memorized and fitted impedance spectra. A more complete
voltage profile. This voltage source receives as input comparison was achieved with varying the state-of-
the state-of-charge that is calculated by discharging a charge. The variation of the modulus and the phase of
capacitor (C1) at constant current. The dicharge the impedance of lithium carbon and nickel cadmium
current is measured in the battery circuit and batteries with the state-of-charge are illustrated in
converted in voltage by a controlled-current voltage figures 8 and 9. The fitted results agree very well with
source (HI). This voltage is applied through a low pass the original data through the frequency range and the
filter (R2 and C2) to a look-up-table voltage-controlled state-of-charge.
current source (GTABLE) that discharge the capacitor
Cl. This table contains conversion and compensation
factors to fix the capacity of the battery and to modify CONCLUSION
the value of the output current as a function of the
discharge rate. The purpose of the low pass filter is to
not take into account the pulse consumption. The two One of the main interest of SPICE macromodels of
battery terminals on the electrical diagram are the battery is to take into account the environment and to
OUT+ and OUT- labels. The complete battery circuit allow to simulate the bidirectional interactions between
can be used as a subcircuit in the electrical diagram of the battery and the application. In the case of classical
a battery-powered application. electrochemical models, that is very difficult to realize

without writting a program for a specific application.
SPICE-like programs run on numerous mainframe
computers and personal computers, and on various

GENERATION OF BATTERY MACROMODELS AND operating systems. So the portability of these models is
R.ITh very good and they allow the users to evaluate

batteries in their own application with a simple SPICE
simulator. Future improvements will concern the

The program written for the automatic battery implementation of the impedance variation with the
model generation analyzes the data from the frequency discharge rate, a more precise analysis of the battery
response analyzer, computes the equivalent electrical efficiency and the influence of the temperature.
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COMMERCIAL NICKEL-HYDROGEN BATTERY DEVELOPMENT

D. K. Coates, C. L. Fox, J. C. Dermott and A. D. Boyt*
Eagle-Picher Industries, Inc. -Crowder College
Joplin, Missouri 64801 Neosho, Missouri 64850

Abstrac Common Pressure Vessel Batr Dew

The nickel-hydrogen battery system, extensively used in the
aerospace industry, is being developed for terrestrial, commercial
applications. Low-cost components, electrodes, cell designs and common pressure vessel (CPV) applications, containing individual
battery designs are currently being tested. Catalytic hydrogen cells such as the prismatic or spiral-wound geometry (Figure 1).
electrodes have been developed which are compatible with The primary requirement at the battery level is hydrogen gas
commercial battery cost. Prismatic and spiral-wound cell designs containment and electrical and thermal interface at the system level.

have been built and tested. Common pressure vessel battery designs The battery container gast we hometically sealed in order to

are also being evaluated. The nickel-hydrogen battery offers contain the hydrogen gas, without which the battery will not
potential cycle life unequaled by any other battery system. This function. The individual cells, connected in series/parallel strings,
makes the battery ideal for remote stand-alone power systems and are contained within the battery container. Multiple containers can
other applications which require long life and a truly maintenance- be used for a modular approach to larger battery systems. Thermal
fotee and abuse tolerant battery systeme considerations are minimal except in applications with an ambient

temperature above 40 *C. Battery cooling options can be employed

Introduction for this type of service. Passive cooling methods have been
investigated such as the "Cool Cell" technology patented by

The nickel-hydrogen (NiH 2) battery system has been in production Zomeworks Corporation. A strain gauge or pressure transducer can
fob aerospace applications for more than twenty years'. Eagle- be attached to the battery container in order to monitor the battery
Picher currently has NiH 2 batteries operating aboard more than 50 state-of-charge.
earth-orbital communications and surveillance satellites. Over 100
million cell-hours have been accumulated in actual spacecraft
operation, including both low-earth-orbit (LEO) and geostationary-
earth-orbit (GEO) satellites. Additional ground-based testing at
Eagle-Picher has established cycle life performance of more than
95,000 charge/discharge cycles. This advanced aerospace
technology is now being developed for use in commercial,
terrestrial applications2 .

The NiH2 battery system has a number of unique advantages which
make it ideal for many commercial applications such as
telecommunications, uninterruptible power supplies (UPS), utility
load leveling, standby power, electric vehicles3 and remote location
power systems4 . The NiH 2 battery provides both high energy
density and excellent power density. Hydrogen provides a very
lightweight, efficient energy storage material. Due to the unique
electrochemistry, the NiH 2 system is an inherently fault-tolerant Figure 1. Spiral-Wound Nickel-Hydrogen Cell

design with excellent overcharge, overdischarge and deep cycle
A 12 VDC, 120 Ah CPV battery was built in conjunction with

capabilities. The battery is hermetically sealed and truly Zomeworks Corporation (Figure 2). The cells are a light-weight
maintenance-free. The internal hydrogen pressure is a direct linear prismatic design (Figure 3). The CPV battery container was
function of battery state-of-charge (SOC) and thereby provides a fabricated by Zomeworks. Initial testing on the battery has shown
simple and reliable method of determining the SOC of the battery. excellent results. A typical charge/discharge profile is shown in
Also, the NiH2 battery does not contain any toxic materials such as
lead, cadmium or mercury and can be readily recycled. Projected Figure 4. The battery charges at a maximum voltage of 15.5 VDC
battery costs are directly comparable with other nickel battery and has a mid-point discharge voltage of 12.2 VDC. The charge
systems and competitive with lead-based batteries on a life cycle and discharge voltage profile is flat and uniform, making the system
cost basis. ideal for interface with photovoltaic charging systems. The

performance and abuse tolerance of the battery simplifies the
Nickel-Hydrogen Battery Design charging system electronics required for reliable operation. The

battery delivers 120 Ah at 25 OC. The internal battery pressure is
A nickel-hydrogen cell develops a potential of about 1.25 volts at linear as a function of the current during both charge and discharge.
the mid-point of discharge, at a C/2 rate. Multiple cells must be The battery has a maximum operating pressure of 180 psi. This
combined into batteries for applications requiring higher voltages. operating pressure is simply a function of the free volume available
Battery design is dependent on the cell design, battery operating in the battery to contain the hydrogen gas. The battery can be
parameters and application requirements. Different cell designs designed to operate at higher or lower pressures. The cell design
require different packaging considerations. A description of several exhibits low internal impedance which increases the efficiency and
advanced battery designs has been previously publisheds. rate capability of the battery. This is a prototype battery design for
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a stationary commercial application such as teeommunicao volume packaging and places all cell terminals d close proximiy
utility load. Ievelig or rm e power "em . along the length of the battery. The resulting ability to reduce

intercell wiring offers additional efficiency and savings.
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Figure 4. CPV Battery Voltage and Pressure Performance

Figure 2. Terrestrial CPV Nickel-Hydrogen Battery
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SEPARATOR

CATALYTIC ELECTRODE

GAS SCREEN-

CATALYTIC ELECTRODE

SEPARATOR
NICKEL ELECTRODE

Figure 5. Dependent pressure Vessel (DPV`) Battery Design

Figure 3. Prismatic Nickel-Hydrogen Cell Design

DeNdeMnt Presre Vessel Battery Desin SPPOSITIVE

Dependent pressure vessel (DPV) technology is a modular SEPARATOR

approach to NiH 2 battery design. The DPV cell design incorporates u- CRE

the best features of the prismatic geometry, while achieving SEPAATO

maximum efficiency in hydrogen gas containment. As shown in
Figure 5, the geometry of a DPV cell requires some support of the

flat surfaces and the cell is partially dependent upon the battery -STAX, DRCKET

package for gas pressure containment. The cell design has the

advantage of a prismatic flat-plate electrode stack (Figure 6). The

cells can be readily packaged into a battery or battery module using 
CEL CAI-

a simple endplate/connecting rod configuration. A major design

advantage is that the battery support structure is efficiently required

to restrain the force applied to a portion of the end cell only. As

the DPV cells are stacked in series to achieve the desired system

voltage, this increment of the total battery weight becomes small.

The geometry of the DPV cell also promotes compact, minimum Figure 6. DPV Internal Cell Construction
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Tubular Nickel-Hydrogen Battery Desism Application of independent power systems is practical in situations
where central electric grids are nonexistent, such as in third world

The tubular NiH2 battery design is appropriate to the spiral-wound countries and even some remote areas of the U.S. Solar-dectric
or cylindrical, flat plate cell design. The individual cells can be systems are economically competitive with more traditional remote
stacked end-to-end along the length of a tubular pressure vessel, power conversion technologies such as diesel or gasoline
The advantage of this design is that higher operating pressures can generators. The independent systems, such as solar and wind
be accommodated in a cylindrical container, with less weight of power, are well-suited to remote applications because they

pressure vessel material. This design also offers higher volumetric eliminate fuel source dependence and the maintenance requirements
energy density by minimizing cell pressure vessel volume and by associated with internal combustion engine-driven generators.

maximizing the battery packaging efficiency. The length and While expensive compared to grid-generated power, electricity
diameter of each modular battery tube would be designed for the from solar-driven independent power systems is the solution of
specific application. This could be standardized for design simplicity choice in remote areas where grid power is not available. These
and cost effectiveness. Multiple tubes can be nested together to systems vary in size from less than 0. 1 kWp for a single home to
form a complete battery. This battery design is also applicable to a supply lights and radios, to village-sized systems of 2-10 kWp for
bipolar NiH2 cell arrangement. Bipolar cells could be stacked along residential and commercial uses. While these consumption rates are
the inside diameter of the tube. This would provide maximum high less than 5% of western standards, even these small inputs of
current capability for electric vehicle or other high rate or pulse electricity can profoundly impact on the lives of those who receive
applications. them.

Low Pressure Nickel-Hydrogen Battery Design Third world application of independent power systems provides
special challenges, especially in the area of energy storage. System

Metallic alloys which reversibly store hydrogen can be used in the design places a premium on reliability ,ince the availability of parts
NiH2 system to lower the cell operating pressure. This work was and qualified service personnel are usually minimal. The storage
pioneered in the early 1970's by Comsat Laboratories and provided component of these systems tends to be the limiting factor for
the technology basis for the later development of the nickel-metal reliability. While the solar components have a failure rate of only I
hydride battery system. The hydrogen anodic active material is in 10,000 per year, flooded lead-acid batteries typically last less
stored as a solid metallic hydride rather than as molecular hydrogen than one year in these applications. These batteries are short-lived
gas. This is a distinctly different application than the nickel-metal because of frequent and extended periods of low state-of-charge,
hydride battery, in which the hydride material is used directly as an extended deep cycling and lack of regular maintenance. Storage
electrochemical cathode or anode. In the NiH2 system, the hydride battery management is usually rudimentary, typically consisting only
forming alloy chemically adsorbs and desorbs the hydrogen of high and low voltage cut-offs; more complex controls are seldom
produced at a conventional hydrogen electrode. The advantage of used because of reliability issues. The NiH2 battery has a very flat
this design is that the inherent cycle life limitation of the hydride
electrode is avoided. Hydride alloys have the inherent tendency to charge and discharge profile which makes interfacing with a solardecrepitate and undergo pulverization, due to volume expansion array even more efficient. Both the batteries and the expensive solar
and contraction which occurs as the electrode is hydrided and panels in standard lead-acid based systems are typically oversizeddehydrided (charged and discharged), by a factor of two to prevent over-discharge and to extend batterylife. The use of a long cycle life, abuse tolerant system such as NiH2
In the NiH2 system, the hydride alloy is not used as an electrode would eliminate the need for excessive overdesign, significantly

and doesn't have to maintain any structural integrity or particle-to- reducing overall system size, weight and cost. The NiH2 battery is
particle bonding. In fact, the reduced particle size and uniquely suited to interfacing with photovoltaic systems,
corresponding increase in surface area that occurs during normal particularly as this is the normal operational mode in spacecraft

cycling increases the efficiency of the material in this application, applications.

Another advantage is that the hydride alloy doesn't have to undergo The limitations of existing storage devices in independent power
direct exposure to the corrosive alkaline environment, produced in
the cell by the concentrated hydroxide electrolyte, oxygen evolution systems suggest that new battery technology could substantiallyat te ncke elctrde ad aodi poariatio ofthehydide broaden third-world electrification. The following battery traitsat the nickel electrode and anodic polarization of the hydride would be important improvements over currently used
material during discharge. Corrosion of the hydride material is a wol be iprat mrvmnsoercrnly udsignificant problem in the nickel-metal hydride battery. The technologies; including tolerance to low state-of-charge, long cyclesignficnt poblm i thenicel-etalhydidebattry.The and calendar life, simple monitoring of state-of-charge and sealed,
advantage to the NiH2 system is that the volumetric energy density and-calenarle plmoiring of state-of-c he anealdof the system is increased, for applications where this aspect is zero-maintenance packaging. The ultimate goal for the energy

pofrth stem istorage sub-system would be to bring its reliability up to the same
important. standards as the power conversion components, such as the solar

Terrestrial Nickel-Hydrogen Battery Applications arrays. The nickel-hydrogen battery has the necessary performance,
reliability and cycle life to make these types of independent power

One of the important new areas of terrestrial battery application is systems both possible and practical.
independent power systems. These systems generate electricity
from a renewable source such as solar or wind energy. Larger
systems typically use these renewable energy sources to displace
operation of diesel generators, with a resulting savings in fuel and
maintenance costs. More commonly, small independent systems of
less than 10 kilowatts peak (kWp) utilize no fossil fuels, but rather
store a portion of the converted energy for later use. These small
systems are typically supplied by solar cells because of their
simplicity and reliability.
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The nickel-hydrogen system has been successful in replacing [1] Coates, D.K. and Hoofiaigle, P.S. (1993). EPI on Charge Nickd-
aerospaenickel-cadmium batteries for uein eth o l Hydrogen and Nickel-Metal Hydride Battries for Spacecraft PowerSlfO5pac iklcdimbteisfruei at ria Systans. •5 M us• Vol.9. No.2, Slepad Press, United Kingdom

sateites. Eagle-Picher NIH2 technology has been fully proven on

numerous U.S. and European spaceflight programs. New nickel- [21 Coates, D., Roumpf, G. and Baer, S. (1991). Nickel-Hydrogen
hydrogen technology is being developed for both low cost Batteries for Terrestrial Applications. 26th nt t Ener
aerospace and commercial applications. Aerospace applications Conversion E n Confnm Boston, Mass.
have provided the basis for NXH 2 battery system development. This
advanced aerospace technology is being adapted for terrestrial use. [31 Coates, D. and Fox, C. (1994). Multiple Advanced Battery Systems
The basic technology required for adaptation of the NiH2 system to for Electric Vehicles. 9th Annual Banerv Conference on Analicaions and
low-cost, commercial applications is in place. Low-cost cell Adan California State University, Long Beach, California
components, new cell designs and innovative battery designs have
made this transition possible. The advantages of the NiH2 battery [4] Stockebrand, T., Baer, S. and Randall, J. (1991). Ideal Use of Nickel-

system are unique. The system is ready for many terrestrial Hydrogen Batteries in Remote Power Systems. 26th lntersocietv Energ

applications, such as remote power systems, and with some Conversion Enincering Conferen Boston, Mass.

additional development work the system can be made even more [51 Coates, D.K. (1993). Advanced Nickel-Hydrogen Spacecraft Battery
cost effective. Designs. NASA Aerosnace Battery Workshov, Marshall Space Flight

Center, Huntsville, Alabama

289



STRENGHTENING THE WEAKEST LINK
IMPORTANCE OF BATTERY ANALYSIS AND MAINTENANCE

Isidor Buchmann
Cadex Electronics Inc.

Burnaby, British Columbia, Canada

Improvements in battery technology have
virtually eliminated this phenomenon. Tests
performed at a Black & Decker lab, for example,
showed that the effects of "cyclic memory" were
so minute that they could only be detected with
sensitive instruments. After the same battery was
discharged for a different length of time, the
cyclic memory phenon' -ould no longer be
detected.

The problem with thL in NiCd battery is
not the cyclic memory but the effects of
crystalline formation. The active materials
(nickel & cadmium) of a NiCd battery are
present in crystalline form. When the memory
phenomenon occurs, these crystals grow,
forming spike or tree-like dendrites that cause the
NiCd to gradually lose performance. In advanced
stages, these crystals may puncture 'he separator,
causing high self-discharge or an eecktrical short.

The crystalline effect on the NiCd cell plates
is similar to the crystal formation during the use
of calcium chloride to clear the roads of snow
and ice. As the salt absorbs water, crystal
formation can be observed.

Figure I The CADEX C4000 Is a programmable battery analyzer capable of servicing NiCd, NIMH Preventative Maintenance
and SLA batteries. Four batteries can be processed simultaneously and are tested at their actual Crystalline formation only presents a problem
voltage and current ratings. if the battery is left in the charger for days or

repeatedly recharged without a periodic full dis-
ne of the common difficulties with battery powered equip- charge. Such a condition is common with portable communications
ment is the gradual deterioration in performance after the equipment. It is not necessary to discharge a NiCd before each
first year of service. Although fully charged, the battery charge. A discharge to one volt per cell once a month is sufficient

may only deliver half of its original capacity, resulting in unexpected to keep the crystal formation under control. Such a
down-time. discharge/charge cycle is commonly referred to as "exercise".

Unexpected down-time occurs almost always at the most critical If exercise is neglected for four months or more, the crystals
moment. Under normal conditions, the battery holds enough power engrain themselves, making them difficult to dissolve. In such a
until recharged. In an emergency situation, more energy is needed case, exercise is no longer effective in restoring a battery and
and a marginal battery cannot provide the extra power required. "recondition" is required.

In fact, the Falkland War could have been lost due to marginal Recondition is a secondary discharge that slowly drains the
batteries. The British Army had assumed that a battery would be battery of its remaining energy. Lab tests have indicated that the
fully reliable when recharged in accordance to military procedures. NiCd cell needs to be discharged to at least 0.6 volts per cell to
Not so. When command was given to launch the portable missiles, effectively dissolve the more stubborn crystalline build-up. When
nothing happened. The batteries did not perform and the missiles applying recondition, the current must be set low enough to not
did not fly that day. cause damage through cell reversal.

The battery is a mystical "black box" with a mind of its own. It BNrsRY

does not change weight, color or shape to indicate state of charge. - - 0-
It simply quits when exhausted. 1o 401- - ,

In many ways the battery exhibits human-like characteristics: it
needs good nutrition; it prefers a moderate room temperature, and, soir - /in case of the Nickel Cadmium (NiCd) battery, requires regular •""--

exercise. The batteries used in the Falkland War were believed to 0o V,
have been affected by a phenomenon referred to as "memory". -40 *- "

Memory: Myth or Fact?

There is some misconception about the word "memory". WXC AcMnv ISTCtt 2W MIE 3M nW 4M CYCL 51W CYL
Memory is commonly blamed for any battery failure known to srUkI - - I
man. The word "memory" is derived from "cyclic memory", - CYCLE
meaning that a NiCd battery can remember the depth of discharge RECO9.O 0 CYCL

applied previously. Figure 2 Effects of exercise vs. recondition
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Not all batteries respond equally well to recondition. In the The battery analyzer is not only useful for measuring self-
study in Figure 2, four batteries afflicted with various degrees of discharge, but more importantly, for exercising and reconditioning
memory are analyzed. All batteries are first fully charged, followed batteries to prolong service life. In addition, the analyzer "weeds
by a discharge to one volt per cell. The resulting capacities are out" non-performers from the battery fleet.
plotted on a scale of 0 to 1209/6. An additional charge/discharge
cycle is applied (dotted line) and the battery capacities are Baum AMIXI
evaluated again. In the last few years, the technology of battery analyzers has

advanced significantly. No longer are we limited to analog units
Battery "A" responded well to exercise. This result is typical of with fixed charge currents and programs that only apply one or two

a battery that had been in service for only a few months or had discharge-charge cycles.
been exercised periodically. Batteries "B" & "C" required
recondition (solid line) to recover to full performance. Note that The modem battery analyzer (Figure 1) evaluates the battery's
the capacity of the new battery was further enhanced after condition and implements the appropriate cycles to restore the
recondition was applied. When examined after six months of field performance. A recondition cycle is applied automatically if a
use, the batteries still showed excellent capacity readings. certain capacity level cannot be reached. Battery chemistry, voltage

and current rates are user-programmable. These parameters are
Not all batteries will recover with recondition. An older battery stored in the cups or cables and configure the analyzer to the

may even get worse. If this occurs, the battery is a candidate for correct function when connected. Over 500 battery-specific cups
retirement. This type of battery may be compared to an old man to are available.
whom a vigorous exercise is harmful. On the other hand, an old-
timer that has recovered to near full capacity should be re-hired The modem analyzer identifies battery packs that contain
with caution, as it may be subject to high self-discharge. shorted, mismatched or "soft" cells. The derived battery capacities

are organized into residual and final capacities. Problems, such as
SedLPfislchrn insufficient capacity reserve at the end of field use, can easily be

The NiCd battery has a relatively high self-discharge. If left on identified and corrected.
the shelf, a new NiCd loses about 10% of its capacity in the first 24
hours. At higher ambient temperature, the self-discharge increases. The modem analyzer is capable of charging and discharging the
Likewise, an older battery has higher self-discharge than a new battery at user-defined currents, a feature that allows for testing
one. A problem arises if a seemingly good battery self-discharges under true field conditions. A charge and discharge rate of I C* is
within a day, a phenomenon not too uncommon. up to three times faster than that of a fixed current analyzer. In

addition, the capacity readings are more accurate.
A high self-discharge is caused by a damaged separator. The

separator is a thin insulator that isolates the positive and negative The modem analyzer uses multiple redundant charge-
cell plates. Once injured, the separator can no longer be improved termination algorithms to ensure the batteries are charged quickly
by exercising the battery. External forces that harm the sensitive and safely without overheating. Damaging overcharge on a pack
separator are uncontrolled crystalline formation due to lack of with mismatched cells, for example, is eliminated.
exercise, poorly designed chargers that boil the battery, and plain
old age. The modem analyzer provides user-selectable programs to

address different battery needs. For example, PRIME prepares a
Positive terminal (-4-) Self-sealing vent new battery for field use; AUTO reconditions batteries unable to

ng plate reach a user-set target capacity; CUSTOM allows the operator to
Insulation ring set a sequence of cycle modes composed of charge, discharge,

recondition, trickle charge or any combination thereof. Rest
gasket periods and repeats can be added as required.
Current
collector The modem analyzer is easy to operate. Capacity readout in

-Negative percentage rather than milliampere hours (mAh) is more
plate convenient as the operator does not need to remember the mAh

ratings of each battery tested. In addition, simple "pass/fail" lights
Separator help to distinguish good batteries from unserviceable ones at a

Case(--) glance.
( tPositive The modem analyzer offers a printer and computer interface.

plate With printer, service reports and stick-on battery labels can be
generated. By attaching the label to batteries, the user is always
informed of the battery's history and pending maintenance.

The modem analyzer applies the factory-recommended charge
Insulation algorithm when servicing NiCd, NiMH and Lead Acid batteries.

As new battery chemistries are introduced, EPROM upgrades are
plate made available to enable servicing these batteries also.

Figure 3 Construction of a NICd cell
*C-Rate is a unit by which charge and discharge times are scaled.

Let us examine the construction of the NiCd cell (Figure 3). The NiCd batteries with a rating of up to 1800mAh are commonly charged
negative and positive plates are rolled up together and placed into a and discharged at 1800mAh or IC.
metal cylinder. The positive plate is sintered and filled with nickel
hydroxide. The negative plate is coated with cadmium-active
material. The two plates are isolated by the separator that is
moistened with the electrolyte.

The self-discharge of a battery can be measured with a battery About the Author
analyzer. To check the self-discharge, first obtain the full capacity Isidor Buchmann is the founder and Chief Executive
of the battery by applying a discharge to one volt per cell. Officer of Cadex Electronics Inc. in Bumaby, British
Recharge and store the battery for 24 hours at room temperature Columbia. Mr. Buchmann was active in the radio
(20°C) and measure the capacity again. If the capacity loss during communications sector and has studied the behavior of
the rest period is more than 30%, discard the battery. NiCd batteries in practical everyday applications.
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ELECTRICAL CHARACTERIZATION OF THE NEGATIVE ELECTRODE
OF THE USAF 20-YEAR-LIFE MAINTENANCE-FREE
SEALED NICKEL-CADMIUM AIRCRAFT BATTERY

OVER THE TEMPERATURE RANGE -40 °C TO +70 °C

Za Johnson, Jay Roberts, Darren Scoles
Eagle-Picher Industries Inc.
Power Systems Division

Colorado Springs, Colorado

Abstract

Long life Sealed Maintenance Free Aircraft Batteries The capacity of these maintenance-free cells is limited by
are in production and service on several different aircraft. the positive electrode so that at complete depths of
This study presents data on the electrical performance of the discharge all of the positive active material is fully converted
negative electrode used in these batteries. The purpose of to nickel hydroxide. The positive electrodes are
the study is to demonstrate the charge and discharge manufactured using a combination of two impregnation
performance over temperature, of the negative electrode in processes. The initial active material is impregnated using
order to provide a thorough understanding of the limitations an electrochemical impregnation process, and the final active
and the potential of the sintered plate, electrochemical material is added using a chemical impregnation process.
impregnated cadmium electrode. This information will be The combining of these to processes results in very strong
important in comparing the performance to other nickel and stable positive electrodes with loading levels and energy
batteries. The electrode has been found to be very stable as densities equivalent to those of high capacity nickel
shown by accelerated testing and use in space batteries, and electrodes used in flooded nickel-cadmium cells. Because of
provides a standard for development of the metal-hydride the efficient and optimized impregnation methods, the
electrode that may be used as a substitute for future aircraft electrode is not damaged by the deep discharges that
batteries. typically occur. Life has been demonstrated to be over

twenty thousand cycles in controlled cycling to 40 % depth of
Introduction discharge. Charge efficiencies of the positive electrode have

been found to range from a high of 98% at cooler
The Power Systems Department of Eagle-Picher temperatures and at rates of 1-C or greater; down to a low of

Industries under a research and development contract 70% at higher temperatures and lower charge rates of CI10.
sponsored by the Battery section of Wright Laboratories, The negative electrode, however is designed and built in a
Wright-Patterson Air Force Base, Dayton Ohio, has very different manner and exhibits significantly different
developed and is testing a sealed nickel-cadmium aircraft performance at various operating conditions.
battery with a designed life of up to 20 years. The batteries
are available in various capacities ranging from 5 ampere- Neaative Electrode Design
hours to over 100 ampere-hours and with nominal voltages
of 12, 24, and 28 volts. Configuration can be designed to fit The negative electrode is designed so as to have
many different footprints. The batteries are constructed of considerably more capacity than the positive electrode for
prismatic, starved-electrolyte, recombinant, nickel cadmium several reasons. First, it is always desirable for the cell to be
cells enclosed in nylon cell jars. Test data attesting to the positive capacity limited; the negative electrode must still
reliability and capability of the batteries has been presented have charged material remaining after the positive electrode
at several battery conferences during the last few years. The is completely discharged. Second, since the cell has
batteries nave an operating temperature range of -40 oC to considerable recombination capability for the oxygen
+70 oC and deliver rated capacity with repeated cycling over generated by the positive electrode during charge and
the temperature range -20 oC to +50 oC. Most of the overcharge, and only limited recombination capability for the
batteries are designed for high-rate performance with a hydrogen that the negative electrode generates when
typical internal resistance of 7.0 milliohms for a 40 ampere- overcharged. Because of this, it is desirable that the
hour battery fully charged at room temperature. The cells negative electrode never reach a fully charged state. Third,
are constructed using electrodes which are specially since the oxygen generated by the positive electrode during
designed and manufactured to withstand complete depths of charge and overcharge is recombined by converting
discharge and still be dependable and reliable for thousands cadmium to cadmium hydroxide on the negative electrode, it
of cycles. The sintered substrate is manufactured using is necessary for the negative electrode to always have
nickel powder with very uniform particles this produces pores sufficient excess charged active material (cadmium) to
within the sinter that are small, deep and uniform. This participate in this reaction.
uniformity provides the possibility of electrodes that can be
loaded with active material that is deposited uniformly in thin
layers. The resulting electrode will have considerably less
stresses during a deep discharge.
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One of the failure mechanisms for all nickel-cadmium positive electrode. The separator and inter-electrode
cells is migration of cadmium from the pores of the negative spacing used to construct these special test cells were the
electrode out into the separator which electrically insulates same as that used in the production cells. And as already
the positive electrodes from the negative electrodes. When mentioned standard production negative electrodes were
this occurs it is possible for this negative active material to used so that the study would not have to compensate for
form an electrical path between the positive and negative changes made to the negative electrode. This configuration
electrodes, resulting in a short circuit which can either cause was used to manufacture several cells to be tested both in
catastrophic failure or reduced capacity because of a high flooded and starved electrolyte conditions. These cells tfien
self-discharge rate. The long-life, negative electrode design were divided into various groups and used to complete the
for these batteries utilizes the special slurry-sintered testing described in the test plan section.
substrate described previously impregnated with cadmium
hydroxide using a sophisticated electrochemical process. In Desired Information
the case of the negative active material it is electro-deposited
in very even layers deep within the pores of the Information of three different types and in three
substrate and consequently remains trapped within the pores different general areas was sought and collected from this
during cycling. Even when most of the active material is research. First, was to find out what effect repeated cycling
discharged and converted to cadmium hydroxide the active at 100% depth of discharge would have on the life of the
material tends to remain deep within the pores. This is a negative electrode. And, if repeated cycling to 100% depth
significant step forward in the ability to build a battery of discharge has a deleterious effect on negative electrode
capable of thousands of cycles over a long period of time. life, what specific conditions cause the problems and what

mechanisms are responsible. Second, was characterize the
The goal of the research supporting this paper is to negative electrode capacity over the temperature range of -

thoroughly study and characterize this negative electrode in 40 0C to +70 °C Sealed nickel-cadmium cells have reduced
an effort to better understand the effect that its performance charge capabilities at temperatures less than -10 °C, and at
has on the overall charge and discharge performance of the temperatures greater than +40 0C. It has been assumed
long-life sealed aircraft cell. And through the use of thus far in the development and evolution of the long-life
accelerated life testing and stress testing of the negative maintenance-free cell that the capacity performance over the
electrode in specially designed negative capacity limited temperature range has been dictated by the positive
cells, to determine the failure mechanisms as well as the electrode. It has also been assumed that the charge
capabilities of the negative electrode. efficiency of the negative electrode is virtually 100% at these

temperatures and at the state of charges to which it is
Production Cell Desian exposed. Third, then is to test the negative electrode at

various temperatures and charge rates to determine the
The long life production cells are designed using an negative charge efficiency at these different parameters.
capacity to positive capacity ratio of approximately 1.8:1.
There is one more negative electrode than positive electrode Test Plan
in each cell and the electrodes are physically configured so
that a negative electrode is at the outside of each end of the The test plan was divided into three sections with
plate stack, and electrodes are alternated negative, positive, each corresponding to one of the areas of desired
negative; throughout the plate stack. The negative information- Life and Capacity Fade, Capacity versus
electrodes are thicker than the positive electrodes to provide Temperature. and Charge Efficiency vs. Temperature &
for the increased capacity. The separator used to electrically State of Charge
insulate the negative electrodes from the positive electrodes Life and capacity fade due to fully discharging the
is a permanently wettable non-woven polypropylene material. negative electrode was carried out in three phases. First, a
The separator was developed by Eagle-Picher Power group of cells were cycled for 200 cycles in the following
Systems Division for use in aerospace cells. The separator manner. The cells were charged at a C/2 rate until 110% of
is made permanently wettable by permanently impregnating the theoretical negative capacity was returned to the cells.
the polypropylene fibers with special materials, and the The cells were discharged at a C/2 rate until each cell
manufacturing procedure for impregnation has been reached 1 volt. The cells were maintained in an
automated to reduce the cost to a level acceptable for environmental chamber at 25 °C and provided enough rest
aircraft and terrestrial applications, after discharge to allow the cells initial charge temperature

to be within 3 0C of 25 °C. After completion of cycling the
Test Cell Design cells were evaluated for capacity loss and cadmium

migration. The second phase of this section was to repeat
Special test cells were constructed so that the cell the above test regime only in this test the cells were

would be negatively limited in order to test the effects that discharged to an end of discharge voltage of 0 volts. The
temperature and depth of discharge have on the negative third phase of testing was to repeat the cycling with the
electrode. Specifically the cells were designed to have a environmental chamber operating at 50 °C.
negative capacity to positive capacity ratio of 1:1.3. This Capacity characterization over the temperature range
was accomplished by using two specially constructed was conducted by cycling a group of cells in an
positive electrodes for every one production negative environmental chamber at ten degree intervals from -40 0C to
electrode. The electrodes were physically arranged so that +70 0C. The cells were charged at a C/2 rate until 110% of
each negative electrode had a positive electrode on either theoretical negative capacity was returned to the cells. The
side and except for the two outside positive electrodes all cells were discharged at a C/2 rate until each cell reached 0
other positive electrodes were back to back with another
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volts. Celis were rested after each discharge until the Cell The cells that were physically disassembled and
temperature returned to the desired temperature. examined for cadmium migration into the separator showed

Efficiency characterization over thie temperature range There was small amounts of the negative active material on
was conducted by charging and discharging a group of cells the surface of the separator, however, an examination of the
in an environmental chamber at twenty degree intervals from fibers below the surface with a microscope revealed that the
-40 0C to +70 *C. The cells were charged at a C/2 rate until cadmium accumulation was confined to the surface.
90% of the maximum negative capacity at that temperature
was returned to the cells and discharged at a C/2 rate until The capacity charactenization versus temperature
each cell reached 0 volts. In between test cycles it was data is presented in Figure 3, and shows the capacities to be
necessary to return the cells to 20 0C and fully charge them. stable over the temperature range The data presented
The cells were then discharged to 0 volts. This was done in shows the percentage of maximum capacity achieved at
order to be sure that the cells are not positively limited, each temperature. The percentage was calculated by
Efficiency was calculated by dividing the ampere-hours from dividing the discharge capacity obtained at each temperature
discharge by the ampere-hours of charge. by the capacity achieved at 20 OC. The capacity obtained at

20 *C was the maximum obtained and was about 90%/ of the
Resuft total theoretical capacity based on weight of active material.

The capacity fade and life test cells showed only Negtive Sectrode Coll Capacities
minimal loss of capacity as a result of 100% depth of
discharge cycling. 10

180%
100% Depth of Discharge Cycle #10 for 0 Volt Cutoff I 070%
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~1.20'--F 40%
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Figure 3

Figure 4 presents the production cell capacity
Figure I characterization over the temperature range. This

information was gathered in another series of testing and is
Figure 1 shows a typical voltage discharge curve for the 10th presented here for comparison. Note much higher capacities
cycle in the 200 cycle regime when the discharge voltage are possible with an optimized charge algorithm.
Cutoff was set at 0 volts.

Production Calu Capacities at a C/2 Rats
100% Depth of Discharge Cycle SM0 for 0 Volt

Cutoff 10__ __ __ _

1.40 180%
1 1.20' 70%
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Figure 2
Figure 4

Figure 2 shows the shows a typical voltage discharge curve
for the 200th cycle in the 200 cycle regime when the By comparing the two graphs it becomes apparent
discharge voltage cutoff was set at 0 volts. One can see that that the capacity of the production cells is not hindered by the
the capacity fade was insignificant over the 200 cycle regime. performance of the negative electrode even at the extreme

temperatures.
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production cells the design is such that the negative rarely is Cadmium Batteries*, 35th International Power
charged above 75%. Sources Symposium, Cherry Hill, New Jersey, June,

1992.

Production Cell Charge EBlclency at C/2 Rate (5) Z. W. Johnson, *Separator Qualification and Testing
100% for Sealed Nickel-Cadmium Batteries", Eighth Annual
95% Battery Conference on Applications and Advances,

7 90% " California State University-Long Beach, Jan. 1993.
. 85%
.2 (6) Z.W. Johnson, J.E. Roberts, and T.M. Kulin, 'Charge
z:, Efficiency of Sealed Nickel-Cadmium Aircraft BatteriesS75% over the Temperature Range of -40 0C to 70 0C",
2 70% Ninth Annual Battery Conference on Applications and

65% Advances, California State University-Long Beach,
Wo% Jan., 1994.

-40 -20 0 20 40 60 80

Temperature (Degrees C)

Figure 6

Figure 6 presents similar data from the production
cells for comparison. One can see that the negative
electrode is much more efficient than the positive electrode
and should not negatively affect the performance of the cells.

Conclusions

The specially designed negative electrode used the
Eagle-Picher long-life maintenance-free nickel-cadmium
battery appears to be capable of meeting all the necessary
requirements of: extended life, limited capacity fade, and
high charge efficiency. In addition a baseline for negative
electrode performance has been developed to provide data
for the possible introduction of new negative electrode
materials.
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vsUnFicATioK Or L=G - =ET STND LIFE or

by

W. A. Ferrando, Code R31
Naval Surface Warfare Center, Dahlgren Division

White Oak, Silver Spring, ND 20903-5000

When composite components are used in The composite nickel electrode constru -
electrochemical systems, questions often arise tion is based upon a patent issued in 1980'.
concerning the long term stability or corro- It has been reported previ usly in the pr -
sion resistance of electrolyte wetted mater- ceedings of this Symposium? and elsewhere%,.
ials. This is particularly true of secondary The plaque material consists of nickel plated
battery cells. In general, it is quite diffi- graphite fiber which is sintered under com-
cult to carry out a true long term stand life pression in H2 atmosphere. Graphite fiber
experiment on such materials. Usually, fulfills most closely the requirements for an
shorter term Arrhenius type elevated tempera- ideal lightweight substrate indicated in Fig-
ture simulation experiments are performed, ure 1. Numerous test electrode plaques have
often with some question as to their valid- been fabricated using electroless Ni coating
ity. on Type VMA pitch mat graphite fiber (Amoco

Performance Products, Greenville, SC 29602).
A rather unique opportunity has made poss- The resulting bonded highly porous three

ible a true long term stability test of the dimensional structure utilizes the fiber base
lightweight composite sintered nickel plated both for support of the active material and as
graphite fiber electrode. A group of labora- current carrier to the collector screen and
tory cells fabricated and first. tested during tab. Figure 2 shows a typical sinter bond
the period 1980-81 and left electrolyte filled within such a plaque.
and intact at ambient temperature recently
have been subjected to further cycling. If
significant degradation of the graphite fiber
based substrate had occurred in the long expo-
sure to the electrolyte, the cells probably DESIRABLE PROPERTIES OF
would have become shorted or at least have
shown significantly degraded electrical char- SUBSTRATE
acteristics. In fact, however, the cells
showed excellent stability after the long wet
storage. After several cycles, the active
material utilizations generally returned to
levels of the initial tests of a dozen years COMPATIBLE WITH ACTIVE MATERIAL
earlier.

ELECTROCHEMICALLY CLEAN
After a lapse of some years, renewed MECHANICALLY STRONG

interest has been expressed in the composite
nickel electrode technology. This short CONDUCTIVE
report describes the sintered nickel plated NONREACTIVE IN ELECTROLYTE SOLUTIONS
graphite fiber substrate, electrode fabrica- CORROSION RESISTANT
tion and comparison of the recent data with
that of the original tests. LIGHTWEIGHT

INEXPENSIVE
InMQPR TIQO EASILY FABRICATED

The powder nickel based sintered electrode
was developed during the first half of this
century and has served well as the electrode Figure 1. Some Requirements for Lightweight
of choice for numerous applications. The sint- Composite Nickel Electrode Substrate
ered nickel substrate possesses excellent dur- Material.
ability and electrical characteristics. Des-
pite its somewhat high weight and cost, there-
fore, it has largely withstood most modernattempts to replace it. Other methods recently have been used to

New applications, however, require lighter produce the composite plaque. These consisted
weight cells, which maintain reasonable per- of variations such as sintering randomized
formance at moderate cost. Ni-Cd, Ni-H 2 , chopped electroplated graphite fiber tows,
Ni-MH and possibly Ni-Zn, represent the next plating of the graphite fiber mat by the
generation of cells beyond lead-acid for many nickel carbonyl process and nickel plating of
of these applications. A relatively large a pyrolized graphite fiber board. To the pre-
benefit, therefore, can be realized from deve- sent, however, the most successful fabrication
lopment and manufacture of a lightweight, dur- has been electroless plating followed by com-
able and low cost Ni electrode structure as pression sintering of the VMA mat.
their common element.
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An early objection to the graphite fiber
- •based composite plaque concerned the possible

corrosion (oxidation) of the graphite with
cycling and time, leading to substrate deteri-
oration and build up of n nconducting K2 CO 3 in
"the electrolyte. TABLE 1" , however, shows
the results of electrolyte titration analysis

- on heavily cycled test cells fabricated under
the same conditions during the 1980-81 period

S.1 •, as those subsequently retested. The data
indicate no K2CO 3 accretion due to graphitic
oxidation over the test periods spanning sev-
eral months to about one year at that time.
These results were an early indication of

.%. potential long term stability of the elec-
trode. The last table entry is electrolyte
from a commercial cell of unknown pedigree.

TABLE I

Electrolyte carbonate analysis

Cell Cycle Discharge KOH mg CO 3 -

rate (wt.%' /ml KOH

(A)

"0 0 0 27 Trace
50 82 0.2 C 22 Trace
54 296 2 C 34 Trace
57 211 3 C 32 Trace

Figure 2. Typical Sinter Bond Within Composite Comm -100 Variable 1- I10

plaque.

Description of the Cells/Tests
EXPERIMENTAL

The electrode substrates were prepared in
While the relatively large average plaque dimensions of approximately 2.75" X 6" in

pore sizes (-50 micron) allows ready applica- thicknesses of 20, 30 and 40 mils. In earlier
tion of virtually any active material impreg- plates, small strips of nickel foil were spot
nation method, the ele trochemical impregna- welded to form a current collector grid.
tion method of Pickett 3 was employed in the Subsequently, expanded nickel mesh was used.
retested cells reported here. This process The collector was placed between the plated
was carried out in a tank with methanolic graphite mats and pressure sintered as
based Ni(NO3)2 solution. The electronegative described.
current typically was applied for 30-60
minutes. Very high specific loadings of the The sintered composite substrates were
plaques were readily achievable. Computed electrochemically impregnated with Ni(OH) 2
loadings of 1.6-1.9 g/cc yielding theoretical (or Cd(OH) 2 ) as described. The electrodes
gravimetric energy densities of 160-210 Ah/kg were installed in specially designed plastic
were typical. cases with removable panel and 0-ring seal

(Figure 3). The cells were filled with 30%
Some substrates later were impregnated by KOH with no Li+ additive. The separator

standard chemical impregnation and still later consisted of a layer each of PERMION membrane
by "suspension" impregnation using fine par- (RAI Research Corp., Hauppauge, L.I., NY) and
ticle active Ni(OH) 2 powder. 6  Conditions nylon woven material. In general, commercial
must be optimal for these latter methods to counterelectrodes were used.
achieve loadings approaching those of electro-
chemical impregnation. In several later test The retests were carried out under sub-
cells, however, comparable results in loading stantially the same conditions as the original
and utilization were obtained by the suspen- tests. This was generally continuous charge
sion (pasting) method. The latter method is and discharge cycling at the C/2 rate with
particularly noteworthy for its' potential discharge taken to approximately 100% depth.
cost reduction in fabrication. The retests were restricted only to those

cells observed to have remained wet with elec-
Cobalt additive was introduced into the trolyte for the intervening years. For these

(positive) electrodes by mixing 5-10 wt% cells, corrosion processes within the plates
Co(N0 3 ) 2 into the impregnation bath. Compo- would have continued, providing the real time
site negatives were prepared by an exactly ambient temperature shelf life test of a dozen
analogous procedure using a Cd(N0 3 ) 2 impregna- or so years.
tion bath with no additives.
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earlier tests. Figure 4. shows representative
charge/discharge profiles of several retested
cells. These are characteristically good
cycles typical of Ni-Cd cells in serviceable
condition.

Several cells fabricated during the same
period as those retested were opened and visu-
ally inspected. The composite plates still
showed good integrity. Fibers of the plaque
substrate could be seen with their nickel
plating still intact. A reasonable conclusion
to be drawn from these results is the good
long term wet stand durability of the sintered
nickel plated graphite fiber composite elec-
trode technology.
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TABLE 2

CYCLING OF TEST CELLS

Cell Description Fabrication Date Original Cycles/ Test 9/93-1/94 Comment
Utilization * Cycle I/Utiliz.*

Nickel 041 5/80 499, 36% 500, 15.9% C= 1.9 Ah
501, 21.9% Elect. very cloudy

Nickel #84 9/80 31, 39.4% 32, 46.9% C- 3.18 Ah
35, 67.2% Electrolyte clear

Cadmium #62 7/80 81, 74.6% 82, 62.5% @ C/2 C= 1.0 Ah
(0 C rate) 87, 53.8% S C/2 Electrolyte

88, 46.9% S 2C slightly amber

Cadmium 066 4/80 57, 76.3% 58, 68.7% C= 1.66 Ah
63, 71.9% Electrolyte clear

Nickel: 4/82 None 1, 87.5% C= 2.27 Ah
Electroplated 4, 100%+ Electrolyte clear
Fiber

Full Composite 3/81 98, 61.3% 99, 73.4% C= 2.83 Ah
Cell: 1 Ni, 2 Cd 104, 67.2% Electrolyte c3ear
(Cd elect, cycled
previously)

Multiplate Cell 2/82 335, 79.1% 336, 50% C=3.8 Ah
10 Composite Ni 341, 78.1% Electrolyte
Commercial Cds slightly amber

Multiplate Cell 2/82 417, 95% 418, 70% C=34.5 Ah
10 Composite Ni (@ C/5) 422, 81.7% Electrolyte clear,
Commercial Cds (@ C/5) No addition

* Charge and Discharge at C/2 Rate Unless Otherwise Noted.

1- 2 .0 V

11.5 V
CELL #A. MULTIPLATE C- 34.5 Ah. 1.0 v

10 COMPOSITE NICKEL ELECTRODES (40 mil) I

C/5 CHARGE/D.SCHARGE CYCLE #335 -- 0.5 V

4 3 2 1 2 3 4

-2.0 V
CELL #C, MULTIPLATE C- 13.8 Ah.

1.5 V
10 COMPOSITE NICKEL ELECTRODES (20 mril)

C/2 CHARGE/DISCHARGE CYCLE #341 -1.0 V

0.5 V

2 1

-2.0 V
COMPOSITE NICKEL ELECTRODE C' 2.3 Ah,

CHOPPED ELECTROPLATED FIBER (40 Mil) 1.5 V

C/2 CHARGE/UISCHARGE CYCLE #4 -1.0 V

-0.5 V

I I
2 1 1 2

'--- CHARGE/DISCHARGE TIME -- HOURS ---

Figure 4. Charge-Discharge Cycles of Several Cells from Continued Test Data
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A BRIEF HISTORY OF THERMAL BATTERIES

Walter E. Kuper

Reserve Battery Technology Branch
Electronics and Power Sources Directorate

Army Research Laboratory
2800 Powder Mill

Adelphi, MD 20783-1145

A thermal battery isaprimarv reserve battery that is activated when which eventually became the most frequently used electrolyte. Work
the inert solid salt electrolvte is melted by the ignition of an irtegral heat was started in mid-1948 on the low-current, high-voltage (B cell)
source. Thermal batteries are recognized as rugged, high-energy- section of the battery. To find the best electrolyte and depolarizer for this
densit' power sources having wide operating temperature ranges and application, every chemical within reach was tested in tiny test cells or
long shelf lives. in small crucible cells. During this period, tungstic oxide was found to

The Beginning be a good depolarizer, and calcium metal a good anode.
The original test cells were described as one-half-inch by three-

When the proximity fuze was developed during WWII, the batteries eighths-inch rectangles. In the beginning, these were made of iron and
available to power it were found to be particularly unsatisfactory in magnesium. The latter, wrapped with asbestos paper which had been
terms of shelf life and operating temperature range.' The Navy found impregnated with various electrolytes, served as the anode. Test cells
it necessary to develop special reserve batteries for the artillery proxim- were heated by being held in a Bunsen flame and/or by immersion in
ity fuzes it had developed. These batteries were activated by setback heat powder (nickel powder mixed with potassium perchlorate powder
forces bursting the glass ampule in which the electrolyte was encapsu- and diatomaceous earth). Later, the use of an induction heater was found
lated. Then spin forces experienced by the shell drove the released to give good control of heat for cell testing. Series-connected cells
electrolyte into the cell cavities of the battery. 2 The National Bureau of mounted in slots in ceramic disks, and immersed in the heat powder.
Standards Ordnance Development Division (NBS-ODD) developed sometimes worked well. The early B-cell development work is de-
proximity fuzes for Army ordnance use in nonspin ammunition, such as scribed in a notebook into which Roger Sweet made regular entries
bombs, mortars, and rockets. The only power sources available were between May and November 1948.
dry cells and, later, wind-driven generators. However, both of these By late 1949 it was decided that cells laid flat on tamped heat
were, in general, unsatisfactory. material worked more efficiently. This arrangement led to the develop-

After the war, many intelligence reports were collected by the teams ment of the sector cell 8 and the compaction of the heat powder onto
of Allied scientists and engineers who investigated the innovative asbestos di4, Stack test data using sector cells heated by such heat
wartime weapons developments of the Germans. Some of these reports compicts were reported in April 1950. The cell chemistry. introduced
were sent by Army Ordnance to the staff of NBS-ODD for review. in 1949, was basedon nickel andcalciumelectrodes; the electrolyte was
Among these was a report entitled. The Theory and Practice ?f Thermal a eutectic mixture of lithium and potassium bromides with 15 percent
Cells by Georg Otto Erb.3 This report discussed the making, operation, of potassium chromate added. The electrolyte was carried on impreg-
and characteristics of fused salts in primitive reserve ceils. This infor- nated glass cloth. 9

mation was reported to the Ordnance Division management with the The Wurlitzer Company and the Mortar Fuze Battery
recommendation that it be investigated.4 The recommendation was
approved and P. J. Franklin was assigned to study this system. Franklin In 1948, the Rudolph Wurlitzer Company. which had been having
confronted the problems of activating the thermal cclt quickly and difficulty in developing a new wind-driven generator for a mortar
keeping it compact. He was able to successfully demonstrate thermal proximity fuze for NBS, accepted an option to work on a thermal
cell operation when he used a thermite-type heat powder made by the battery. NBS passed on information gleaned from CRC, and Wurlitzer
Catalyst Research Co. (CRC) of Baltimore, MD. When CRC learned quickly developed a small button-like B cell (Figure I) using a silver
how this powder was used, they solicited a contract to develop a thermal cup, a magnesium button anode, and a modified, lower melting electro-
battery for NBS-ODD.5  lyte carried on a small asbestos disk. These cells were 0.260 in. O.D. and

The Catalyst Research Corporation Contract 0.054 in. high. A number were stacked in mica-lined brass tubes
(eventually 15 cells), after which a method of heating the cells was

A small contract ($12,600) was awarded to CRC in April 1947 by developed (Figure 2). Six such tubes, connected in series, were inserted
NBS-ODD to develop a thermal battery for a rocket proximity fuze.
After checking the validity of Erb's claims, CRC's workers concen-
trated on designing an effective cell by seeking the best electrolyte and.
most importantly. learning how to heat the cell efficiently. The first cells . Asbestos-lined
were made in two ways: (I) by pouring the electrolyte as a carbon Modified Low- Silver Cup Assembly

tetrachloride slurry and drying it or (2) by pouring molten salt into the melting Electrolyte (Crimp 360

cavities of the ceramic washers used to separate the copper or iron and on Asbestos Disc to Secure
Assembly)

the magnesium electrodes. At this time, binary and ternary combina-Asm,

tions of LiOH with BaCrO 4, KOH, NaOH, and LiNO 3 were used as
electrolytes. Early attempts at cell heating included adding the heating
material to the electrolyte, or immersing the cells in a body of heat
powder. Within a few months, CRC learned how to make large cells that Magnesium Button
delivered ampere levels of current. In October 1947. NBS-ODD, in a
letter6 to CRC. expressed satisfaction with the progress of the work, told Washer, Button
them that the contract was being extended with increased funding, and Washer, Spacer
reminded CRC that a low-current, high-voltage section was also needed. 7

Early in 1948, in its continuing search for useful salt combinations
for electrolytes. CRC found the lithium potassium chloride eutectic, Figure 1. Wurlitzer's small button-like B-cell.
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sustained acceleration. The igniter assembly is designed to be relatively
drop safe. It is sensitive only to the proper sustained acceleration in a

-1.171 0.280-,0.001 dia direction parallel to its axis. Such acceleration is obtained when the
1I assembly is properly mounted and fired from a weapon.

......IITH11FF 1T[t1 i :t This battery, packaged in a 1.625-in.-diam by 1.625-in.-high can.
supplied nominal voltages of 1.4 V to a 3-ohm load and 140 V to a

Spg10.000-ohm load for 60 s. It activated to minimum voltage in no moreMica-lined I/pring I than 5 s. The negative bias required by the mortar fuze was electroni-e(3lb Pressure) Tcally generated by means of a resistive network within the fuze.
Figure 2. Details of mortar battery B-cell stack. By 1950. both companies, CRC and Wurlitzer, had developed

prototype batteries that would meet the design requirements. However.
both batteries still required further refinement of manufacturing pro-

Bottom Disc cesses before regular production could begin.
Insulating Spacer

The Ro ke0F z B ttr
The prototype CRC rocket fuze battery'0 " was based on the

ternary electrolyte LiBr-KBr-K2CrO4 in all three sections. The A
Cell Stack No. 1 Assembly section electrolyte was later changed to the eutectic chloride system

Rod because of the better current-per-unit-area capability of this system.
Thus, the A section consisted of

Heat Powder Block Mg/LiCI-KCI (eutectic)/W03,Ni.

" "A" Section Assembly The system

Ca/LiBr-KBr-KCrO 4/Ni

' ell Stack No. 2 Assembly was used in the B section.
Inertial Igniter Assembly (White Starter) The A section was made with two cup-and-cover cells in parallel.

Insulating Spacer No. 5 The inside surfaces of the cup and cover of each A cell had been coated
Insulating Spacer No. 4 with a paste of W0 3 depolarizer which had to be baked dry. Two disks

Figure 3. An exploded view of the Wurlitzer mortar fuze of electrolyte-impregnated tape were placed on each side of the cen-thermal battery t trally located magnesium anode. A nickel lead spotwelded to the anode
exited the cell at a small notched opening in the periphery of the cup and

into cavities formed in a three-layer block of compacted heat powder cover to avoid shorting the anode to the cathode. The B section was built
(Figure 3). The battery required an equal number of assembled stacks as a series arrangement of sector cells (Figure 5). Each of the 56
with opposite polarity at the top (three each) to achieve 90 cells in series trapezoidal or sector cells had a small piece of electrolyte-impregnated
that would obtain the required 140-V output. Color-coded end-stack glass tape on each side of a centrally located calcium anode. The
insulators indicated the stack end polarity. Heat was conducted through calcium was spotwelded to a nickel tab extending from the adjacent cell
the tubes to the sides ofthe cells and then to the electrolyte. The resulting to make the series connection.
delay in the activation of the B section was within the mechanical delay Heat was supplied to the cells by placing them in close contact with
time that allowed the shell to be well away from the weapon before the the heat powder, Z-2. a blend of fine zirconium (21 percent by weight)
fuze activated. The cylindrical A cell that enclosed the stacked-heat and barium chromate powders. This composition supplied 410calories
powder block was developed later. An inertial starter (actually a two- per gram. In this application, measured quantities ofthe Z-2 powder had
part match), which was operated by setback forces, was located in the been spread evenly over and then compacted onto thin asbestos paper
center cavity of the heat block and acted as the initiator of the battery. disks. The flat sides of each cell were pressed against a compacted

The self-contained igniter component designed for the mortar fuze
battery was the inertial starter (Figure 4). This device was also used in
later battery designs. The inertial starter development resulted from a
series of design improvements by several contributors associated with (a) Cut-away
the mortar proximity fuze program. It was originally manufactured by - Section of
the White Corporation of Milwaukee, WI. This association led to the A- _ Complete Battery
device being referred to as the White Starter. The inertial igniter
assembly is a mechanical device that activates when it experiences a

-Primer Assembly
7 Striker Spring (b) Cross-section

-nite, Setback Spring/- Steel Ball of Single B Cell
gnltr\ etbck pring,-SeelBl

Tube •-Plunger 7 -End Plate

Powder " " 2 '' ' - '," " .. ,-. (,

, '---,- (c) Sub-assembly

"/Igniter \--Striker \ 
of 7 B Cells

Powder Pin -Striker Assembly

Figure 4. White Starter mechanism. Figure 5. The CRC Rocket Fuze Battery.
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powderdisk. These heat powder layers on the compacts were fragile and ring fabrication and resulted in improved battery performance
the assembly required careful handling. (Figure 6).

The rocket fuze battery, packaged in a 1.625-in.-diam by 1.625-in.- Heat Paper Developed
high can, supplied the following voltages and performance characteris-
tics: In 1952, Pass and Seymour vastly improved the usability of the Z-

"'A" voltage: 1.5 V across 3 ohms 2 heat source material by blending the heat powder with a pulped slurry
"B" voltage: 135 V across 10.000 ohms of inorganic fibers (glass and asbestos) in a Waring blender. The
"C" voltage: 5.5 V across 100,0(0) ohms combined slurry was then poured into a sheetmold to form a sheet of
Activation time: 0.5 s paper-like material. This material came to be called "heat paper" and its
Life: 30 s use greatly simplified both piece-part and battery fabrication.

r1950 Heat-paper parts are punched from the damp (excess water having
After 1been pressed out) sheet for safety reasons: the parts are dried, sampled

In 1950 the Korean War started and the mortar battery was rushed for calorimetric content, and sorted by weight. In a properly managed
into production. Numerous problems developed whicl led the ordnance process, the heat content of a part can be controlled on a weight or area
people to worry that the battery was not adaptable to mass manufacture. basis (i.e., calories per gram or calories per square inch), and the scrap
However, these initial fabrication problems were worked out, and the can be reused. The dried material is easily ignited and burns with
first major production of a thermal battery for use in a mortar fuze extreme rapidity. Therefore, it must be handled with great care, and
application was initiated in 195 1. In this period ( 1950-51 ), Minneapo- accumulations in battery assembly work areas must be properly con-
lis-HoneywellEurekaWilliams, PassandSeymour, andOlin-Mathieson trolled and/or kept to a minimum. After the usefulness of this new
were enlisted as additional contractors. The Universities of Florida. material had been demonstrated, the University of Florida in 1954
Virginia. and Illinois, and North Carolina State College received developed and delivered to CRC a paper-making machine designed for
research and development (R&D) contracts for work on component heat paper manufacture.
materials and electrochemical studies during 1951-53. The Electro- It was also recognized in 1952 that the depolarizer could be made as
chemistry Section of NBS also investigated the properties of electro- a paper on the same equipment. This development eliminated the
chemical systems, cumbersome process of applying the depolarizer (tungstic oxide) to the

The Pass and Seymour Company of Syracuse, New York, had the cell cup and cover as a slurry or paste and drying or baking it in place.
task of preparing the rocket fuze battery for production, and Eureka In the bromide electrolyte, which was used in low-current applications,
Williams (EW) was tasked to adapt the rocket fuze battery for mortar the depolarizer (potassium chromate) was included in the electrolyte
use. Eureka felt that the CRC battery leaked too much electrolyte and mixture, greatly simplifying cell assembly.
proposed to replace it with a battery of a new design. The early models Expanding Use of Thermal Batteries
of this design had heat-transfer as well as leakage problems. The
attempts to overcome these problems eventually led EW to the devel- Department of Defense (DoD) contractors had heard of thermal
opment of a pellet battery. batteries early and, after checking their feasibility for other than fuze

At the end of 1950. the Defense community was informed of the power use. were soon obtaining thermal batteries for these new appli-
existenceofthermalbatteriesbythereleaseofaclassifiedreport.12This cations. In 1954, the Sandia Laboratories, then a component of the
report gave a good summary of the then existing thermal battery Atomic Energy Commission (AEC). determined that thermal batteries
technology. It was distributed to approved military agencies to acquaint would meet their needs for battery-supplied power very well. Sandia
them with this new battery system in the belief"that basic information originally contracted with CRC for the development of some thermal
should be made available so that this new type of battery can be batterydesignsandlaterplacedcontractsatalltheotherthermalbattery
considered for other requirements." contractors to build batteries based on these designs. This continued for

Shortly afterthis. the Signal Corps Engineering Laboratories (SCEL) several years, and then Sandia gradually reduced the number of its
of Fort Monmouth. New Jersey, awarded an R&D contract to CRC for contractors, first to EPI, Wurlitzer, and CRC, and finally to only EPI.
electrochemical system studies and other contracts that led into the Sandia found that the development of a battery for a specific
development of a series of thermal batteries for other than fuze applica- application required closer control than could be managed at acontractor's
tions, such as actuators for airplane ejection seats. In 1953 SCEL also plant, so it gradually formed its own development laboratory. Sandia
awarded contracts to the Eagle Picher Company (EPI) of Joplin, MO, made good use of this well-staffed laboratory in the development of its
for thermal battery work. own batteries, and the associated R&D led to advances in technology

Because of common interests in proximity fuze technology. NBS- which, in turn, led to improved battery designs.
ODD had kept the Naval Ordnance Laboratory (NOL) (later renamed In the decade between 1950 and 1960, thermal batteries progressed
the Naval Surface Warfare Center-White Oak, or NSWC-WO) in- from marginally operable devices to vital, dependable components of
formed of thermal battery developments since the beginning of the CRC
contract. In 1949, NOL in coordination with NBS-ODD, began work at
CRC and then initiated an independent effort about 1952. Calcium

For the same reason, NBS-ODD had informed the British of thermal Nickel Deposited
battery developments about 1950. In 1955. the British began contract on Nickel

thermal battery work at MSA-Glasgow, a corporate affiliate of CRC. Spotwelds

Key members of the Glasgow staff trained at CRC. Nickel

Calcium-nickel Bimetal Developed at CRC Calcium

Improvements in component fabrication for the rocket fuze battery Metal
helped upgrade its performance and simplify its manufacture. Thus, a
major advance was the development by CRC in 1952 of a high-vacuum
distillation process for the deposition of 0.003 to 0.005 in. of calcium
metal 13 upon strips of 0.005-in.-thick nickel from which the sector cell
parts could be punched. The adoption of this material in battery Figure 6. The original CRC sector cell (left)
manufacture by eliminating the spotwelding operation expedited cell and bimetal sector cell (right).
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many missil weapons. Four types of cells were in general use during nance Fuze Laboratories
this period: (DOFL) in April 1956.

I ) The closed cup-and-cover cells, sometimes called -A" cells DOFL was an Army
(Figure 7). were the most popular type. and were made in a range of organization set up in 1953
si/es. These cells could he connected in series and/or parallel and were to absorb NBS-ODD. In
used for high-current requirements and lifetimes of up to 3 to 5 minutes. 1962 DOFL was renamed

(2) The open-sided sector or trapezoidal cells were used in high- the Harry Diamond Labor-
voltage, low-current batteries with many cells in series. Up to 1100 V atonies (HDL) and in 1992
were obtained with batteries using these cells. HDL was absorbed into the

(3) In the open-sided dumbbell cell. the heat source was sandwiched new Army Research Labor-
bN the folded-over dumbbell faces. The anode was attached to one face, atory (ARL).
and the combined electrolyte-depolarizer carrier of the cell formed the Cell Prefusion-
connection with the neighboring dumbbell cell. This design was fre- A Processing
quentl) used in rapidly activating batteries for short-life pulse applica-
tions. Later. the dumbbell cell structure was found ideally suited for use Battery manufacturers
with pellet batteries. learned that a precondition-

4) The large rectangularpowercell (4.2 x 2.25 x 0.25 in.) with three ing operation for cells or
closed sides was used to deliver currents on the order of"5 A at 6 and 28 stacks was desirable for
V for five or nmore minutes. These power cells were developed in a Figure 8. Electrolyte Tape proper activation and effi-
program initiated in earl- 1951 to design a thermal battery to drive the Processing. cient performance of cells in
power packs of guided missile fuzes. In the course of this work much batteries. The operation was
%%as learned about thermal battery design in terms of heat utilization, termed preftsion and the various manufacturers had custom-built
%tack stability and overcoming alloy and electrolyte problems. In the prefusion equipment for cup-and-cover cells and for sector cell stacks.
later stages of the project. the superiority of the newly found (1953) For A cells. the leads were attached to a resistive load and toa voltmeter.
depolari/cr. calcium chromate (CaCrO 4 ). over tungstic oxide was The cell was positioned between two hot platens which were closed
demonstrated. The two-sided anodes for these cells were made by upon the cell for a definite length of time and at a predetermined
pressing clean calcium sheet into punched grater-like projections ex- pressure and temperature. The ensuing activation of the cell served to
tending out of both sides of the nickel base sheet. This technique of driveout moisture and excess air, allowed the molten electrolyte to soak
calcium allachnment was also widely used to attach calcium to one of the into the depolarizer, and wetted both anode and collector surfaces, thus
faces, of dumbbells. Later. CRC extended their vaporized calcium
dcposition process to forn heavier anode stock for use in these cells as
well as in their A cells.

All the above batteries used impregnated glass tape as electrolyte
carriers Figure 8).

The mortar fuze battery, the first thermal power supply to go into ` .
production. was manufactured by Wurlitzer. Minneapolis-Honeywe..

and EPI. It is estimated that between 1951 and 1967 these companies
produced omer five million of these batteries. The only application for
this, battery, however, was as the mortar fuze power supply.

A detailed description of the state of thermal battery development t4

in the mid 1950's (Figures 9 and 10) was incorporated as a section ofthe ..
report for the Proximity Fuze Symposium held at the Diamond Ord-

Figure 9. Some representative cells of the mid-1950's.

Figure 7. Small cup-and-cover or "A" cell parts layout

and assembled cell. Figure 10. Typical thermal batteries of the mid-1950's.
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allowing the cell to activate more rapidly when heated in a battery. This pellet
Immediately upon completion of the prefusion operation, the cell was battery work was
rapidly cooled in order to limit consumption of cell component materi- B supported by the
als. •LIN, Naval Ordnance

The prefusion operation also served as a quality control step. The L a b o r a t o r y
operator of the equipment would reject cells that did not conform to the (NOL). as part of
behavior pattern of correctly made cells. Such rejects were often found a development
deficient in some cell component, such as missing electrolyte or rutir FILL (tAGNEUS) SECONO FLu. (,No-Yrc) programforaspin
depolarizer pads, or were otherwise misassembled. The prefusion battery that was
process was also extended to entire stacks of sector cells. In this case, terminated in
special induction heatercoils were developed where the entire stack was about 1955 be-
prefused in one operation. cause of limited

Problems Inherent to Thermal Batteries funds. Shortly
afterw ards.

Manufacturers have always had to contend with some problems that r..o FILL (CATHrOT) P,,S31M however, NOL
have an adverse effect on the operation of thermal batteries. For worked on a
example, the electrolyte tended to leak out of the cells of all designs, battery-powered
causing noise due to intercell shorting. device that was

When calcium was used as the anode, a more serious problem was subject to water
caused by the chemical reaction between the calcium of the anode and impact while the
the molten lithium chloride of the electrolyte. The reaction of lithium EJ(CTION battery was acti-
chloride with calcium produces CaLil, the calcium-lithium alloy. This vated.The battery
alloy is believed by some to be necessary for the cell reaction. At the Figure 11. Fabrication of EW three-layer pellet, had to operate
operating temperature of the battery (above 353*C). the alloy is a very normally both
mobile liquid metal which can cause intercell shorts. If the alloy makes during and afterthe impact. NOL had already found that cup-and-cover
contact under the right conditions with the depolarizer, particularly cell designs tended to squirt electrolyte upon impact, and the operation
CaCrO 4, a violent exothermic chemical reaction occurs which affects of the battery was then impaired by electrolyte shorted cells. Recalling
the voltage and, in the worst case, destroys not only the cell but also the its earlier work with the pellet battery. NOL had tests made with pellet
battery. The cell reactions also result in formation of a high-melting- batteries, and all tests gave satisfactory results. NOL then decided to use
point double salt, CaKCI3, which forms on the surface of the calcium a pelletized design for this application. Later, they extended the use of
anode and thus blocks access to it by the electrolyte, thereby inhibiting this pellet battery system to many of their other applications.
the cell reaction. Two other thermal battery contractors, CRCt 6 and EPI.17 eventually

Battery designers used various methods to contend with both the concluded that the multiple part cup-and-cover cell assembly process
electrolyte leakage and the alloy problem. The favorite method was to was too complex; both sought simpler cell designs. Both companies
install barriers of inert materials, such as asbestos or Fiberfrax, within began to study pellet-type batteries about 1959-60. At this time, CRC
the cells (usually cup-and-cover cells) to restrict alloy flow, and mica made a thorough study of pelletized battery systems in single cell and
disks or asbestos rings between cells to block intercell electrolyte and battery tests. CRC studied the EW pellet design and and did not like it.
alloy contacts. To avoid the alloy problem, some early battery designers CRC attempted to develop a single-layer pellet to avoid the "bleeding,"
preferred magnesium to calcium as the anode in their Latteries, in spite "smearing,- and "flipping" problems encountered in multi-layer pellet
of the loss of a volt per cell resulting from this selection. use. Nevertheless, during August 1962, CRC demonstrated its mastery

Pellet Batteries Appear of the EW three-layer pellet design by making a production run of the
Navy's Mk 80 battery. But. when CRC went into regular pellet battery

As mentioned earlier, Eureka Williams (EW) was assigned the task production, they as well as Eagle Picher used the two-layer pellet based
of adapting the CRC rocket fuze battery for use in the mortar fuze. EW on the system
thought this battery leaked too much electrolyte and proposed another CaJLiCI-KCI (kaolin)/CaCrO4 ,Fe.
battery design, but found that their new design also had a serious
electrolyte leakage problem. After many experiments, they found that By the summer of 1962 both CRC and EPI were well-established in
leakage would be reduced if the electrolyte were mixed and fused with pellet battery production using the two-layer system. The depolarizer
kaolin. They converted this mixture to an electrolyte carrying pellet. To contained some electrolyte to furnish electrical conductivity to the
avoid problems with tle calcium lithium alloy, they used a new depolarizer layer during the activation period. Pellets were produced in
electrochemical system that they had also been investigating, namely, a die cavity of known volume formed by dropping a lower ram. The

Mg/LiCI-KCI (kaolin)/V205,Ni. cavity was filled with depolarizer powder, the ram was lowered again
n Nand the new cavity was filled with the electrolyte mixture. Then, the

This system had an open circuit voltage of 2.85 and a working pressure ram was applied with a predetermined force on the layered
voltage of 2.2 to 2.17. EW processed this entire system into a three-layer materials in the cavity and a two-layered pellet was formed. Iron
pellet as follows (Figure I I): measured quantities of magnesium dumbbells were used to form cells. Calcium attached to one face was
powder, fused electrolyte-kaolin powder, and V20 5 powder containing placed against the electrolyte side of the pellet; heat paper was sand-
some electrolyte were successively poured into a die cavity and com- wiched between dumbbell faces; the other outer, uncoated iron face
pressed to form a pellet. contacted the depolarizer side of the next cell's pellet.

The pelletized cell consisted of a nickel dumbbell folded over a heat Cup-and-cover cell batteries were also made and developed by both
paper pad. One open face of the dumbbell was coated with a glaze of companies until about 1965, when pellet designs began to take over.18

V20 5-B20 3, and the other open face was uncoated. The depolarizer end Certain special cup-and-cover designs, however, were still being made
of the pellet was placed in contact with the glazed face of the dumbbell, into the 1980's. Such productions were usually repeat buys of earlier
and the magnesium of the pellet contacted the nickel face of the next proven designs.
dumbbell. '-
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In the mid- 1960's there were large procurements (several hundred affiliated with KDI Corporation and was renamed KDI-SCORE. In
thousand each) by HDL of three of the earlier developed A,B.C batteries 1981, the company was acquired by SAFT. who continued the thermal
for use in rocket, bomb. and mortar fuzes. These buys marked the phase- battery work. In 1989, SAFT also acquired the thermal battery portion
outofthistechnology, because the transistorized fuzes then in develop- of CRC from Mine Safety Appliances. In 1993, however. SAFT
ment used simpler batteries, discontinued the manufacture of thermal batteries, and planned to use

The All-Pellet Battery their Cockeysville facilities for R&D work.

In the early 1960's Sandia began development of an all-pellet Wuritzer's Two-Dollar Thermal Battery

battery. 19 The heat source was a pelletized blend of fine iron powder and In spite of the emphasis on pellet technology in the 1960's, Wurlitzer.
potassium perchlorate. The electrolyte and depolarizer were combined who did not make pellet batteries, developed a small battery in 1967 for
into a single-layer compact (Figure 12) which was made from a an HDL rocket fuze. The battery 22 was intended for high-volume
homogeneous blend of the eutectic chloride, the calcium chromate. and production with a target price of $2.00 per unit.
special silica binder by a prescribed procedure of mixing, ball milling, This nine-cell battery used the electrochemical system
fusion, and granulation. Calcium bimetal disks or equivalent formed the Ca/LiCI:KCI= 35:65NO5-BO , Ni
anodes. The excess iron in the heat pellet acted as the cathode collector . .. N
and also as the intercell connectorin the activated battery. The acronymic and was contained in a can 15/32 in. O.D. and 29/32 in. high. The stack
name DEB (Depolarizer. Electrolyte, and Binder) was applied to this was grounded to the can. The battery activated to 29 ± 3 V in less than
pellet and to the battery design based on it. 0.3sand delivered 100 mA forat least l0s at 20 rps over the temperature

Sandia used the DEB system in its own new designs. CRC. who had range from -40'F to 140 0F.
done some early i n' c.tigatory work for Sandia on the system, began This battery used Wurlitzer's preferred off-eutectic electrolyte
using it in production batteries about 1970. EPI used this design in some which, by reducing the amount of the lower-melting lithium chloride.
batteries, but also continued making the two-layer pellet batteries with would melt at a higher temperature and tend to give a slushy electrolyte.
calcium metal arn. es mechanically attached to one face of the dumb- These features presumably reduced both the cells* tendency to form
bell. alloy and to leak electrolyte. The electrolyte was carried by impregnated

A published article by Jennings discusses the thermal battery crocidolite asbestos paper. The 0.003-in.-thick nickel dumbbell cells
technology up to 1970 and includes electrochemistry, cell materials and were roughly 13/32-in. squares which, when folded over the heat-paper
structures, heating methods, and various battery types.20  heat source, had one open face coated with vaporized calcium and the

In 1973, Sandia decided to concentrate on battery development other coated with a glaze of V,0 5-B20 3.
work, and another AEC agency, General Electric Neutron Devices This battery was produced at a rate of several thousand per day,
(GEND). became the procurement agency for Sandia-developed batter- 70,000 per month. Wurlitzer made over a mil lion of these batteries, and
ies. GEND quickly developed the necessary thermal battery fabrication EPI, the second source, probably made another million. The target price
and monitoring facilities and formed an able staff to carry out this new of $2.00 per unit was approached early on. but as the economy changed.
mission. the price went up.

A 1974 paper 21 by Van Domelan and Wehrle reviews the cup-and- Sandia's Long-Life Thermal Battery
cover technology, touches on the multi-layer pellet system, and details
the advantages of the single-layer pellet (DEB) system developed by In the early 1970's, Sandia considered the possibility of extending
Sandia. the working life of thermal batteries beyond 5 minutes. first working to

achieve 15 minutes and eventually reaching a battery life of 60 min-
A New Thermal Battery Manufacturer utes.23'24 This success was achieved by following a number of steps.

In 1966 a small cadre of thermal battery engineers and other such as lining the battery can with superior thermal insulation, using
specialists left CRC to set upa new company. SCORE, in Cockeysville. heat reservoirs (pellets containing a eutectic salt mixture melting at
MD. to manufacture thermal batteries. The company started by manu- 493°C) at the ends of the stack, utilizing the heat generated by intra-cell
facturing cup-and-cover-type batteries based on both the Ca/CaCrO 4  reactions, using chemical and mechanical steps to control the calcium-
andCafWO3 systems and expanded into fabrication of two-layer pellets lithium alloy formation, and finally, reducing the load current density
when they acquired a pellet press. In general, SCORE kept up with on the cell.
developments in the industry, introduced a few innovations of its own Continued work on this design led to the installation of a heat buffer
and established an energetic R&D group. In 1971 SCORE became pellet in the middle of the stack and the addition of some Ca(OH) to the

electrolyte to inhibit alloy formation. The edges of the anodes were also
treated to form a thin adherent coating of CaO. The electrolyte modifi-

1 ,cation and the edge treatment apparently did control the alloy problem.

2 The Lithium, Lithium Alloy. Iron Disulfide System

3 1In the 1960's. Argonne National Laboratory (ANL) began investi-
gating the feasibility of developing a molten-salt secondary battery for

1. Heat Source Fe Heat Pellet vehicular propulsion and load leveling in power systems. It examined

KCIO 4  J the heavier chalcogens as cathodic materials with lithium as the anode.
Finding the liquid electrode systems difficult to handle. ANL settled for

2. Depolarizer CaCrO 4  a lithium aluminum (solid) alloy as anode and iron disulfide and later
Electrolyte KCI-LiCI DEB Pellet iron sulfide as the cathodic material. Several contractors worked for
Binder SiO 2  ANL on such secondary batteries, studying cell design. materials.

heating arrangements, etc. All efforts were directed at building a
3. Anode Ca 1 Bimetal Anode reliable battery capable of accepting a high number of charge-discharge

Substrate Fe J cycles.
CRC was aware of the work at Argonne and performed work aimed

Figure 12. Pellet arrangement In DEB cell. at adapting a lithium anode to primary thermal battery use. CRC filed
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for a patent25 in 1973 on a lithium anode in which the lithium metal was lithium or lithium alloy anode/iron disulfide cathode system as the
carried on a porous metal, e.g., a fine iron screen that would inhibit the dominant system in use in present-day thermal batteries.
movement of liquid lithium (Figure 13). The screen was mounted in the Attewell and Clark review the thermal battery field in a 1980
bottom of a cup. The sides of the cup were folded over a cover formed paper.32 They briefly discuss the Ca/CaCrO4 system and then proceed
by adouble-layercrocidolite asbestos paper. The outerlayerof asbestos with a discussion of the lithium anodes of various types. They point out
was impregnated with the electrolyte, which was absorbed by the inner these these batteries show a marked increase in energy and power
layer after the battery was activated. Batteries based on this structure density compared with the previous types. They feel that larger batteries
went into production in 1975. than any previously possible with the older system will probably appear

CRC later developed a superior version of the lithium metal anode and extend the uses of thermal power supplies.
by mixing a fine iron powder into molten lithium. This blended A short historical and technical review of the entire thermal battery
material, when solidified, was rolled into a thin strip from which disks field (1984) is presented by Tepper and Yalom33 in Linden's Handbook
of the mixture were punched. These disks were put into the screen of Batteries and Fuel Cells.
bottomed cell cups, and the sides of the cups were pressed over the In use at this time(1993)are three varieties of lithium-based anodes:
periphery of the anode material. The patent 26 states that, at the operating (I) the physical mixture of lithium metal with iron powder developed
temperature of the battery, this anode softens, does not liquefy, and by CRC, (2) the lithium aluminum alloy, which was favored by SAFT,
maintains its dimensional stability during battery operation. A paper by and (3) the lithium silicon alloy, which is used by Sandia and EPI. The
Winchester 27 discusses the performance characteristics of this anode LiSi offers twice as much available lithium as does the LiAI anode at the
system in batteries. Most, if not all, of CRC's subsequent production working temperature of the battery.
used this anode, which CRC referred to as their LAN anode. In the 1980's, the search for a better electrolyte than the eutectic

The British also had started working with lithium-sulfur cells in the chloride revealed two that warranted further investigation. a LiCI-KBr-
early 1970's. The work also seems to have been influenced by that at LiBreutectic(25-38-37 molepercent)withameltingpoint at 3100 Cand
ANL and moved on to the use of the iron disulfide cathode and to the an all-lithium halide eutectic LiF-LiCI-LiBr (22-31-47 mol percent)
design of a primary battery using a lithium-aluminum anode. 28  which melted at 430°C. The latter electrolyte was described as superior

During the 1970's and '80's the Air Force's Aero Propulsion to the eutectic chloride for high current applications and as ideal for
Laboratory (APL. Wright Patterson Air Force Base) supported pro- pulse battery applications.
grams to improve thermal battery performance to meet the power and Several papers in the proceedings of the 33rd International Power
life demands of new sophisticated devices. In 1976, in one of these Sources Symposium (1988) discuss the properties and performance
programs. APL awarded contracts to EPI and SAFT to develop an characteristics of additional electrolyte formulations.
advanced thermal battery, by optimizing the calcium-calcium chromate The possibility of replacing silver zinc batteries with thermal
system and investigating new electrochemical systems and evaluating batteries had been discussed informally for a number of years. A 1984
their potential worth. Both contractors worked on the Ca/CaCrO4  paper34 by Gross made the case for such replacement. He discussed the
system and examinedanumberof other systems; both studied the LiAI/ applicable characteristics of both battery types and emphasized the
LiCI-KCI (eut)/FeS2 system early and explored its characteristics, definite advantages offered by thermal batteries. Similarly. in 1988.
concluding that it was superior to all the other systems with regard to Briscoe35 et al. considered many of the same factors and cited the
current density, life, and energy output. Furthermore, as a great benefit, development and qualification of such a battery by SAFT. At this time,
there was no lithium-caleium alloy problem. Both companies summa- additional silver zinc batteries have been replaced by thermals.
rized their findings in their final reports issued in 1979.29 30

Sandia also investigated the Li/FeS 2 system at this time, starting
with a study of the system Mg/FeS2 to evaluate the behavior of the Heat paper was the heat source used in most (the mortar fuze battery
cathodic material and following it by studying the system characteris- used compacted heat blocks) of the thermal batteries made in the
tics with lithium alloy anodes. 31 This study showed that the lithium 1950's, 60's, and well into the 70's. CRC started to use Z-2 heat powder
silicon alloy gave better life performance than the lithium aluminum exclusively about 1950, first as compacts on asbestos disks and Z-2
alloy on an anode weight basis. This work was followed by a series of powder packaged in asbestos envelopes for use in large batteries. Then
staff reports on investigations of the performance characteristics and after mid- 1952 CRC started using heat paper based on Z-2. After some
chemical aspects of the system. experience with this heat paper CRC raised the zirconium content of the

These developments stimulated a rapid movement away from the heat powder from 21 to 28 percent, when they found that burning Z-2
use of the calcium-calcium chromate system and has established the heat paper could be quenched. This new material was named Z-28.

As batteries became larger, increased amounts of heat powder were
used per battery, and the gases generated from the impurities in the
constituent materials of the heat powder began to cause pressure

Fe.KCIO4  problems. i.e., blown out terminal seals and distorted containers. A
Heat Pellet 14-~ - 1954 DOFL program involving work at DOFL. the University of

HaPleFlorida, and Foote Mineral Company resulted in specifications for both
E N 77=barium chromate and zirconium powders. The specification for the

DEIEB -..--.- LiUCI-KCI latter was based on the properties of Foote's 120A zirconium powder.
Binder Included in this program was the development by DOFL of a special

-rrrT nZcalorimeter. 36 the argon calorimeter, to determine the heat content ofAnode0.005 thermite-type heat powders. The Parr Company later manufactured this
Iron device as the Parr 1411 calorimeter.
Cup In 1958, SCEL sponsored a similar program at CRC37 to investigate

t- ~inder LihiumiC the properties of the constituent materials and heat-paper manufactur-
Impregftated ing process that affect the performance of the end product. The purity

Dry Asbestos Iron Screen and particle size of the zirconium powder were found to be of great
importance with respect to the calorific value and burning rate. The

Figure 13. CRC screenm-tablllzed, molten metal anode cell. optimum combination, depending on the end purpose. of inorganic
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fibers was determined. The quantitative effects of various combinations
of components were presented in the report in graphic form so that possible, generate replacement sources. The committee's efforts with
calorific value, burning rate, tensile strength, flexibility, ash quality, suppliersandusershelpedeasetheproblemsandresultedintheerection
and gas evolution could be predicted and controlled, of an environmentally safe manufacturing facility at GEND (DOE) for

These efforts did contribute to improved heat-paper performance, calcium chromate. EPI successfully demonstrated a standby plant3 ' for
but zirconium heat paper was never completely gasless and battery zirconium production on an Air Force contract.
containers, particularly the larger designs, had to be designed to Interestingly enough, shortly after these developments, the trend of
withstand considerable pressure. thermal battery manufacture turned to the wider use of iron-based beat

Sandia's Heat Pellet pellets, and calcium chromate was superseded by iron disulfide as a
cathodic material.

About 1964. Sandia started the development of the all-pellet battery Contributors
by converting the heat source to a conductive pellet. After finding a
source to produce a fine iron powder of the right particle size and Conversations with the following elicited much historical informa-
configuration. Sandia blended the iron powder with finely ground tion on the development of thermal batteries:
potassium perchlorate powder and compressed the mixture. The iron W Naval Surface Warfare Center-
powder was designated NX - 1000 and, at that time, was made by Pfizer. Ralph Mead White Oak. (NSWC-WO). for-
The heat pellet was sufficiently strong for use in a cell stack and could merly NavalOrdnance Lab(NOL)
be reliably ignited by a burning heat-paper fuze train. The heat output Catalyst Research Cororation David Yalom
was controlled by varying the composition of the heat powder mixture. (CRC) Ben Larrick
After burning. the remaining metallic iron in the pellet made it electri- Joe Gessler, now at SAFT
cally conductive so that it acted as an intercell connector. Use ofthis new Andy Olert, ...... Eureka. formerly Eureka Will-
heat source in production batteries began in the late 1960's. Dick Blucher iams. (EW)

Bill Jones Ralph Zebart
New Source of Zirconium Powder Bernie Rogers Lyle Raper

In June 1972, a fire destroyed the Foote Mineral zirconium manu- Vis Klasons David Ryan now with
Frank DeMarco WPAFB

facturing facility. Foote conducted a survey on the future requirements Clint Winchester, now at

for zirconium, became aware of the growing use of the iron heat pellets. NSWC Eagle Picher Industries. (EPI)
and decided not to replace the facility in view of the limited market and George Bowser Earl Can"
the hazards involved in manufacturing the material. D T Breckenridge Walter McCarter

Foote's departure left Ventron Co. of Beverly, MA, the sole pro- Fred Tepper. now at MSA Robert Cottingham
ducer of battery-grade zirconium. Using ores from different sources. Erwin Walker
Ventron produced two types of zirconium, called Type I and Type II, by Mine Safety Appliances. Pittsburg
a magnesium reduction process. Type I zirconium had a larger than Ron Shakely Harry Diamond Laboratories
usual particle size. Type 11 zirconium contained particles in the sub- Charles Ravitsky
micron range, which made the dry powder dangerous and potentially Sandia Corporation. Robert B Goodrich
ignitable on exposure to air. Norman Rosenberg Julius Hoke

Some of the battery manufacturers were concerned about the effects Bob Wehrle (indirectly) Perry Waugh
Ron Guidotti Andrew Sabonis

of these two new materials in their established processes. Heat paper R P Clark Harlan Oelke

made with the Type I1 material worried manufacturers because of the Saul Elbaum

danger of spontaneous ignition of heat paper during handling, weigh-

ing. and battery assembly operations. One company, Eureka, had been
using Type I all along and reported no trouble with it. SCORE, when References
faced with the problem, blended the two types in equal amounts and said I. Hamer, WalterJ., 25 Years Of Primary Batteries, Proceedings of the
they had no problems. Ventron cooperated in overcoming the problem Twenty-fifth Power Sources Symposium.
and instituted production controls to reduce the hazards. 2. The Deadly Fuze, Ralph B. Baldwin, Presidio Press 1980. p 121.

With the Foote 120A-grade zirconium no longer available the 3. Theory and Practice of Thermal Cell by Georg Otto Erb, Publication
specificationbasedonitwasnolongervalid.Anewspecification, MIL- BIOS/ Cp 2 / HEC 182, Part II, A publication of the Halstead
Z-46189 (dated 02 October 1986), was prepared by the Army Materials Exploiting Centre, Great Britain.
Laboratory, working in collaboration with Ventron and with members 4. Ravitsky. C., National Bureau of Standards - Ordnance Develop-
of the thermal battery community also contributing. ment Division. Memorandum: "Thermally Activated Reserve Cells.,

The Calcium Chromate Problem dated 27 June 1946.
5. Letter from 0. G. Bennett, Catalyst Research Corporation to P. J.

While not related to heat sources, another material supply problem Franklin. National Bureau of Standards, dated 7 February 1947.
also arose at this time. The long-time source of an excellent grade of 6. National Bureau of Standards letter to Catalyst Research Corpora-
CaCrO 4. the most frequently used depolarizer of the period, closed tion, dated 22 October 1947. Signed by R. S. Walleigh for Harry
down the plant making the material. Calcium chromate had been Diamond. Chief. Ordnance Development Division.
targeted by OSHA as a carcinogen, and the company was not interested 7. The early proximity fuze batteries were A, B, C section batteries;
in replacing the old plant. The supplies of CaCrO4 from other sources i.e., they supplied voltage and current to the three parts of a vacuum
were not always satisfactory for a given battery manufacturer's prac- tube circuit. Basically, such a battery is an adaptation of three
tice, and the replacement sources never did entirely satisfy some users. separate batteries enclosed in a single container. The A section of

This pair of supply problems threatened to close down one impor- the battery supplied a heating current at low voltage to the filament
tant production line and prompted a number of battery- procuring of the tube. The B section charged the plate of the tube with a high
Government agencies (Army. Naxy. Air Force, and Department of voltage, usually greater than 100 V. The C section, usually a part of
Energy-DOE) to form a DoD-authorized committee to assess the extent the B Stack of the battery, placed a low bias (negative) voltage on
of the users' supply problems with these and any other materials and, if the grid of the tube where the varying potential controlled the flow
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of electrons from filament to plate. When transistors replaced 2 1. Van Domelen. B. H.. and Wehrle, R. D., "A Review of Thermal
vacuum tubes in electronic circuitry, the ABC batteries were made Battery Technology," Intersoc. Energy Convers. Conf, 1974.
obsolete and they are no longer made. 22. Mead. R. T.. A Low Cost Thermal Battery. Proceedings.Twenty-

8. United States Patent. 4.034.143. 5 July 1977. Inventor: Roger G. third Annual Power Sources Conference. 1969, p. 137 .
Sweet. Assignee: Catalyst Research Corporation. 23. Bush, D. M.. and Baldwin. A. R.. A Preliminary Study Into the

9. The early work with the very hygroscopic lithium salts led to the use Feasibility of a Sixty-Minute Thermal Battery. SLA-73-0412. Sandia
of dry boxes using calcium chloride and other drying agents. These Laboratories. Albuquerque, NM. April 1973.
were replaced by dry rooms in the effort to keep the work area's 24. Baldwin, A. R.. "A Sixty-Minute Thermal Battery." 27th Annual
relative humidity below 10%. Over time. as experience showed the Proceedings Power Sources Conference (Atlantic City. NJ 1976). p
need for maximum dryness within the battery for optimum battery 152
performance, the relative humidity requirement was reduced to a 25. Bowser.G.C..andMoser,J. R.: US Patent 3,891.460.24June 1975.
maximum of 3%. Thermal Battery and Molten Metal Anode Therefore.

10. Kaplan. Nathan, and Scillian. Glen L., TR-99. Fuze. VT. T2031El. 26. Harney. D. E., US Patent 4.221.849, Iron-Lithium Anode for
Battery. Diamond Ordnance Fuze Laboratories. I July 1954. The Thermal Batteries and Thermal Batteries Made Therefrom.
introduction to this report gives a cursory account of the develop- 27. Winchester. C. S.. The LANIFeS2 Thermal Battery System, 30th
ment of the Rocket Fuze Battery. Power Sources Symposium, 7-12 June 1982.
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Thermal Battery Chronology

June 1946 C. Ravitsky reviews Erb Report at the National Bureau of May 1947 CRC starts work on thermal battery development contract.
Standards Ordnance Development Division (NBS-ODD) Oct 1947 NBS-ODD extends and enlarges scope of contract.
and writes memorandum to management recommending
furtherinvestigation. Management concurs and P.J. Franklin Mar 1948 Wurlitzer starts work on thermal battery for mortar fuze.
is instructed to investigate. 1949 Early Wurlitzer thermal battery-fuze field tests.

Dec 1946 P. J. Franklin demonstrates thermal cell feasibility at the 1950 NBS-ODD decides to use thermal batteries to power all its
National Bureau of Standards Ordnance Development Divi- fuzes.
sion.

Feb 1947 Catalyst Research Corporation (CRC) maker of the heat Wurlitzer starts limited production of mortar fuze battery.

source material used by Franklin: O. G. Bennett. the General 1950 Early rocket fuze battery ready for field tests.
Manager. proposes to develop a thermal battery under NBS issues report "Thermal Batteries."
contract to NBS-ODD.
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1951 Signal Corps Electronic Laboratories (SCEL) contract at 1960 Pellet work started at CRC and EPI.
CRC for R&D work on thermal batteries. 1961 DOFL renamed Harry Diamond Laboratories (HDL).

Army Ordnance and NBS-ODD bring in Pass and Seymour, 1962 Sandia initiates internal R&D work.
Eureka Williams, Minneapolis Honeywell, and Olin as
industrial contractors. 1964 Sandia initiates work on the all-pellet battery.

The Universities of Florida, Virginia. and Illinois and North 1966 SCORE, a new thermal battery company. established.
Carolina State College are brought in as R&D contractors. 1971 Wurlitzer drops out of the thermal battery business.

Bimetal process development started at CRC. KDI Corporation takes over SCORE.

Heat paper developed at Pass and Seymour. 1973 Usual sources of Zr and CaCrO, powders dry up. Joint

Power battery (guided missile fuze power supply) started at Deputies for Laboratories Committee (JDLC) Sub Panel on
CRC. Thermal Batteries formed to locate new sources and estab-

1952 CRC begins pilot plant production of calcium-nickel bi- lish standards.

metal. General Electric Neutron Devices (GEND) becomes ther-
mal battery procurement agency for Sandia.

CRC uses heat paper, develops depolarizer paper.

1953 NBS-ODD transferred to Army. renamed Diamond Ord- 1974 CRC patents cell with lithium metal anode.

nance Fuze Laboratories (DOFL). 1976 Aero Propulsion Laboratory (AFWAL/POOC- 1), Wright
Patterson Air Force Base, contracts with EPI and KDLSandia Corporation looks into thermal batteries. SOEt eeo n~dacdTemlBtey"BtSCORE to develop an "'Advanced Thermal Battery.-+ Both

1954 Heat paper machine developed at University of Florida contractors demonstrate the superiority of the LiAI/FeS,
acquired by CRC. system.

DOFL begins program for heat powder/heat paper improve- 1980 Eureka drops out of thermal battery business.
ment. 1981 SAFT buys SCORE from KDI.
British begin thermal battery work at MSA Glasgow. 1989 SAFT buys thermal battery business of CRC.

1955 Sandia Corp. awards contracts to CRC. Wurlitzer. EW. 1992 SAFT ends thermal battery production operations at
PNS. and Eagle Picher. Cockeysville, MD and converts the facility there into an
EW develops pelletized battery: work sponsored by NOL. R&D operation.

Extensive development and manufacture of batteries using 1992 Harry Diamond Laboratories (HDL) is absorbed into the
cup-and-cover cells in various sizes. new Army Research Laboratory.
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Pf s ROM DEVELOPING ENDT-TB method. The secondary task is, if possible to p
L NON DESTRUCTIVE out the different kinds of claimed defects, such a shortd cdls,

TESTING gOR f MAL DATERIES cells with reversed polarity or other defects.

Per A. Selinger, Catella Generics AB, Dsscriptian of the ENDT-TB au
Electrum 232, 164 40 Kista, Sweden

Owe J. Lynell, FMV:FLS, Tetinn n and timr ati, n
115 88 Stockholm, Sweden

Richard A. Marsh and David M. Ryan, The test population consisted of a batch of 50 thermal
Wright Lab. Wright-Pane AFB, Ohio, USA batteries of which some were specially prepared with various

types of defects and the others made according to standard
manufacturing practice. Ie batteries were of the EPI, HAP

1 2166 type. Each battery has a configuration comprising 24 ceulls
divided into two equal stacks with a common ground. The

A reliable, practical Electrical Non-Destnactive Test (ENDI) chemistry is the .AI/FeS 2 system'.
method for determining the state-of-health of thermal batteries
does not exist for today's users. The Swedish Defence Material T7he special preparation of defects into the batteries were made
Administration, Air Materials Department (FMV) and Catella in co-operation between Eagle-Picher Industries and Wright
Generics have undetaken the task to develop an ENDT method Laboratory at WPAFB. The type of defects were cells with
for thermal batteries. The approach to accomplish this task is to reversed polarity, short circuited cells, reduced stack pressure
use statistical analysis of various electrical measurements taken on contamination and moisture. The various defects are shown as
the thermal batteries and use these results to determine if a failure categories in Figures 1 - 4.
mode exists in the subject battery. The data to be analyzed will
pertain to the hbteries' cold open circuit voltage (OCV), cold Intentionally, no information other than the type of defects,
closed circuit voltage (CCV). cold resistance and cold was initially given to the analyst during the course of the
capacitance. In order to assess or validate the ENDT method measuring and evaluation part of the project. The analyzing and
developed by FMV and Catella Generics, the Wright Laboratory testing partner was Catella Generics AB.
of WPAFB, OH provided FMV with fifty (50), EAP 12166
thermal batteries produced by Eagle-Picher Industries for E 1
evaluation. Unknown to the evaluators, several of these batteries
had intentional defects built into the b .ter•es during manufacture. The ENDT-TB measuring procedures were as follow:
This paper will present the ENDT method developed, the validity
test results/conclusions, a discussirn concerning the practicality of * OCV measurements were carried out at +21*C and again
the ENDT method and future work that is recommended. +40"C for each stack

* Stack resistance measurements were carried out at +21 "C
* Capacitance measurements were carried out for each stack at

+21"C.
During the 1980's significant technological advances were * Cold discharge experiments were carried out as voltage

achieved in thermal batteries; i.e. increased energy and power measurements over a high resistivity load (about I Gohm)
density, extended discharge times and the development of large connected to the battery at +21 'C.
capacity bafttes. As a result of these advances, thermal batteries
have entered into a wide range of new application areas, i.e. The instrumentation used was a Keigthley 617 electrometer
aircraft emergency power. The FMV was the first to introduce for voltage measurements; OCV, cold discharge voltages and
thermal batteries as a source of emergency power on board resistance. A standard capacitance instrument, Boonton
aircraft - JAS 39 multi role fighter. Because of these critical Capacitance Meter Model 72B, was used in the capacitance
application areas, the FMV has undertaken a project to develop measurements.
an ENDT method for thermal batteries to determine their state-of-
health (or ability to perform the mission) - throughout the thermal The batteries, after thermal activation were discharged into an
batteries' life cycle. The objective of the ENDT method for 110 load. Voltage and current data were collected at a sampling
thermal batteries is to detect manufacturing faults and/or faults rate of 2 seconds.
which occur during the batteries life cycle while implemented into
various weapon systems. The experiences from these meauments are the following:

Determining the batteries state-of-health before and after OCV measurements takes about 30 minutes to reach a
installation into a weapon system would significantly improve reproducible stability at +21"Cand 15-20rmin. at +40"C. Itwas
"system rebility/availability and drastically reduce its life cycle necessary in some cases to put the battery on an anti static ground
cost. This FMV project to develop a reliable, inexpensive and when conducting the OCV measurements.
practical ENDT method for thermal batte is the first of its type
and could have significant cost and reliability impact on the The cell OCV value was found to be 2.469 VPC. This value
production and use of thermal batteries. is much higher than the value expected from thermochemical

calculations. A sulphate contamination associated with the Fe-%
Emcta 9W electrode material is identified as the most probable explanation

to this observation (1).
The primary task is to identify defect batteries from a

specifically prepared population of thermal batteries by the
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Cold capacitance measurements took only a few seconds to Analysi of 1o: disehag ,einvn: Each stack has its
stabilize and cold voltage disclarge measurements were made own signature in cold discharge experiments. The voltage
after 1 minute. observations for such experiments are very much dependent on the

resistivity of the cell. A high resistivity gives a low voltage in
Resistance measurements were found to be impractical to use such experiments. Cell stacks with reduced stack pressure e also

due to a very long stabilising time. not easily d using x-ray techniques.

S/MAnal=i of stock res - nesc - rm- .. At the present
time, more investigations are necessury in order to avoid the

The battery has four terminals marked +, C, - and M. C for drawbacks of slow stabilization.
common and M for electrical match. The OCV measurements
were carried out over + to C and C to - terminals and presented An analysing algorithm and a detailed procedure for the ENDT-
as +/C respectively Cl- in Figures I - 2. Corresponding TB is under preporation.
capacitance and cold discharge measurements at the +/C and C/-
terminal are also presented in Figures 3 - 4. OtoomWe of the I rND-TB tMsing

Anaysis of measurements Figure I and 2 show the correwlaion of the OCV
measurements at +40"C and +21-C with respect to the defects

Analsis ofOCV-masurments: A battery is built of discrete built into the baties. The statistical control lines correspond to
components such as cells. Each cell is assumed to be represented < OCV > ± 2 a for good cells.
by its thermochemical couple value and a battery by the sum of
these cells. A normal battery should be represented by its sum of Figure 1 shows that the 'reversed cells" are clearly indicating
cell voltages. Abnormal batteries with defects such as short deviations. Stacks with built-in shorts are not correlating well. It
circuited cells or reverse cells assembled upside down (reversed was observed later on the activated discharge curves that the built-
polarity) should all give deviating voltages from the expected in short circuited cells did not show shorts until at a late stage
value. The precision in such an analysis is dependent on the during the discharge. In the early stage of discharge these cells
reproducibility of OCV measurements and the possibility to showed normal discharge voltages. The conclusion was that the
perform such measurements. The thermal batteries have a very preparations made were not ideal for simulating a shorted cell.
high internal impedance in the cold state, much higher than many
conventional voltage measuring instruments. The latter Figure 3 shows stack capacitance and its correlation to defect
circumstance has been overcome by using a high impedance types. Capacitance is valuable in the detection of reduced stack
voltmeter. pressure defects. The defect type 'reversed cells', does not show

The analyzing technique is to divide the measurement value deviations from the control lines. This was as expected from the

with the OCV cell value characteristic for couple and observe the simple capacitance model.

multiple of 'active cells" in the battery. This value should be
within some precision to the expected value for a correct battery. Figure 4 shows the cold discharge polarization correlated to

The OCV cell value is assumed to be determined in advance for defect type. "Low-pressure' type and 'reversed cell" types

each type of battery. deviate clearly from the main population.

A battery with one short-circuited cell will show one cell 'Moisture' and 'Argon back-filling" have not in any case

voltage multiple less than a normal battery. A battery with a boe found to correlate to any measurements.

reversed polarity will show two multiples lower than expected due
to its counter current action. Table 1 below shows a summary of the correlations to each

defect type and diagnostic measurement technique.
Batteries with other defects such as reduced stack pressure or

moisture contamination will not be detected by OCV Table 1: Outcome of diagnostic testing of thermal batteries with

measurements. the ENDT-TB method. Y is an applicable and N is not an
applicable technique.

Figures I and 2 show actual measurements with correlation to

battery type.

Anaysis of _itn measurements: A simple modelling of
a battery with a high electrolyte resistance such as an inactivated
thermal battery give the formulation for a series configuration
capacitance. From such a simple formulation it can be deduced
that a short circuit will show a higher value than for the standard
battery. The measurement precision and its dependency of the
number of cells in a general battery gives a varying precision
from case to case.

The potential value of capacitance measurements is its
capability to follow aging processes. Air leakage is a potential
example of such measurement and change -.manating from
mechanical disorders due to long time exposures to vibrations
causing changes in the stack geometries.
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- -~The ENDT-TB method has shown the potental so coinplement
DO -ipod - - - or replace the more expensive x-ray method for detection of
tye OCY C"Weit- Ruu"- cold Comuments manuacturing defects.

Reversed Y N N Y 17he cold capacitance and cold discharg echniques have the
IYpotential for use in determining the state-of-heath batteries

amemnbi- installed in long tarm weapon environments.

Short- Y Y N Y Not donin OMOWUfa
c~ircid this Maidug
cell(s) _______ ___ ___The use of thermal batteres have created a variety of battery

Reduced N Y N Y Seans to be of designs. In order to make ENDT-TB a practical method it is
SUAk Value for rcommended to stuy and evaluate various conifigurations such
preirOf cbdn Ion as varying internal eletrcal connections for stacks, stacks in

term series and in parallell or of various stack voltages.
mechanical
IWASUiy i For the implementation of the BNDT-TB concept into qaulity
vibmaionea

I I envronmmacontrol (QC, acceptance test procedure or maintenance routines
Moisure N N N N ~g ermit is recommended to design a test station to initiate an off

Moulaur depndec term laboratory experience activity. The task for fths activity should be
Mind" nvestmed to develop a practical analyzer.

Argon N N N N No indicazione
back- have beenIifn fond We wish to thank Chiarles Lamb and Joe Wells at Eagle-

- - - -Picher Industries, Joplin, MO for valuable discussions in the
initial stages of this project and also for the preparation of the

r~w"ignvarious defect samples. We also wish to thank Charles L. Hussey,
University of Missmssppi, for valuable discussions in the

The diagnostic measurements with the ENDT-TB method have thermodiynamic identification Of the cell OCV value.
enabled the detection of serious failures such as reverse assembled
cells and reduced stack pressur. For environmental defects such BCLGW1C
as moisture contamnation and Argon back-filling the BNDT-TB
has not shown to be detectable. The short-circuit defects wer not- (1) T. L. Aselage and E. E. HefIstrom, Multicomponent Phane
detectable and are most probably due to the preparation technique Diagrams for Battery Applications. II Oxygen impurities in the
Simulating Shorted Cells. Li(Si)/FeS 2 battery cathode. J. Electrochem. Soc., vol. 134, No.

8, 1977, 1932-1938.
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Figure 1 Stack OCV menaurements +400C
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Figure 3 Cold Capacitance versus type of Battery
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CHARACTERIZATION OF ENERGETIC DEVICES
FOR THERMAL BATTERY APPLICATIONS

BY HIGH-SPEED PHOTOGRAPHY

Larry R. Downer
EG&G Mound Applied Technologies"

P. O. Box 3000
Mlamlsburg, OH 4533

(513)865-406

and

Ronald Guidott
Sandia National Laboratory

Battery Development Department
Albuquerque, NM 87185-0614

(505)844-1660

Introduction

Measurement of burn rate, function time, and output
properties of components utilizing energetic materials are of
primary importance in characterizing not only the reactions of lherical cylindricl

these materials, but also in evaluating the effect of component
design changes. High-speed photography at rates of up to laser
20,000 images per second was used to measure these properties pulse

in thermal battery igniters and also the ignition of thermal battery
itself. By synchronizing a copper vapor laser to the high-speed cross-uectlonal view
camera, laser-illuminated images recorded details of the component
performance of a component in a unique fashion.I 2' 3 The output
characteristics of several types of hermetically-sealed igniters
using a TiH./KCIO4 pyrotechnic blend were measured as a
function of the particle size of the pyrotechnic fuel and the
closure disc thickness. The igniters were filmed under both FIGURE 1
ambient (i.e., unconfined) and confined conditions. Recently, HIGH SPEED FILMING WITH COPPER
the function of the igniter in a cut-away section of a "mock" VAPOR LASER ILLUMINATION
thermal battery has been filmed. Partial details of these films are
discussed in this paper, and selected examples of the films will
be displayed via video tape during the presentation of the paper. The sheet lighting is a particularly useful technique for

filming functioning thermal battery igniters. As the igniter
Exnac ildm tal functions, the smoke, particulates, and sometimes the closure

disc pass through vertically through the laser sheet. Light
Two compositions of the pyrotechnic blend, either 33% scattering from the laser sheet is recorded by the camera, and

TiH,/67% KCIO 4 or 41% Tils/ 59% KCIO 4 by weight, were effectively views the internal structure of the flame. The high
used in the igniters. Two particle sizes of the TIH, designated speed camera was equipped with a rotating prism designed to
as coarse and fine, were also used in the pyrotechnic blend. The record two images per frame of film. Since there is only one
coarse material had a mean diameter of 8 microns and the fine trigger pulse to the laser for each frame of film, each frame
material had a mean diameter of 3 microns. The igniters were records both a laser-illuminated image and a nonlaser-illuminated
hot-wire ignited using a 1-ohm bridge and a firing current of 3.5 image. This permits a ready comparison of each individual
amps. igniter, and illustrates the extra information recorded by using

the laser. This additional information would be lost if only the
The experimental configuration used to record the high- visible light generated by the igniter were used to record the

speed photographs of the energetic materials and components is details of the igniter function.
shown in Figure 1. The beam from the copper vapor laser is
compressed by a spherical-cylindrical lens combination to form Additional high speed filming without copper vapor
a "laser sheet" that passes across the top of the component. The illumination was done to record the functioning of the igniter in
copper vapor laser operates at a pulse repetition rate of 6 kHz, a "mock" thermal battery. A drawing of the "mock" thermal
with an average power of approximately 30 watts. The short battery is shown in Figure 2. The Fe/KCIO 4 heat pellets in the
pulse width of the laser, about 30 nanoseconds, provides stack are separated by stainless steel spacers. The heat pellets
illumination for unique stop-action photographs. The height of contained 88% Fe and 12% KCIO 4, and were pressed to 55% of
the laser sheet is approximately 10 inches, and the camera is theoretieal density. The half-battery stack is compressed between
positioned to view the component normal to the plane of the laser graphite blocks machined to accept the heat pellets. The graphite
sheet. blocks are placed in a steel frame and held tightly in place with

a 0.25-inch 4hick lexanR top and front. The thermal battery
"EG&G Mound Applied Technologies is operated for the U. S. igniter fires down through the "battery center" hole defined by
Department of Energy under Contract No. DE-AC04- the half hole in the heat pellet and the half hole in the lexana
88DP43495. front. This configuration approximates the environment that the
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fumctioning igniter would experience in an actual thermal battery.
The high speed camera was placed as close as possible to the".mock" battery, and with the aid of closeup lenses, high speed
films at 6,000 images per second were taken of the ignition
process.

Heat Pellet/ Graphite
S.S. Spacer Igniter Spacer

Steel
Body • FIGURE 3

COARSE PARTICLE, FRAME 7

FIGURE 2
"MOCK" THERMAL BATTERY

Many thermal battery igniters were filmed using copper
vapor laser illumination. Perhaps the most striking of these
results compares identical igniters with the only change being the
particle size of the fuel in the TiH./KCIO4 pyrotechnic blend.
Mound currently is the only source for these pyrotechnic blends.
Figures 3 and 4 are representative frames from the high speed
film of two igniters. Frame no. 7 was selected from the each
high speed films, and represents an elapsed time of 1.2 msec
after closure disc rupture. Figure 3 shows the output of the
igniter loaded with the coarse Till, fuel and Figure 4 shows the
same type of igniter loaded the fine Till2 fuel. The difference is
striking. The coarse material exhibits a large number of hot
particles that continue to burn for a relatively long period of time
(more than 3 msec after closure disc rupture). The igniter shown
in Figure 4, however, shows mostly burned material and
essentially no hot particles. This indicates that most of the fuel
was consumed prior to closure disc rupture. The burn time for
this igniter is only about I msec.

FIGURE 4
FINE PARTICLE, FRAME 7

The function of these igniters in a thermal battery, and
the mechanism by which they ignite the battery heat pellets, are
of fundamental importance. Results from the ignition of the
"mock" battery are shown in Figure 5. There is considerable
illumination from the igniter, and hot, luminous gas can be seen
propagating between the heat pellets. A detailed frame-by-frame
analysis of these films indicates that the pellets may be igniting
by the hot gas. In order to more accurately evaluate this
hypothesis, the photography must be done at greater
magnification. The relative impact of hot gases versus hot
particles on heat pellet ignition would further be elucidated by
recording experiments using appropriate igniters to provide the
desired output characteristics.
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FIGURE 5
SINGLE FRAME FROM HIGH SPEED

FILM OF "MOCK" BATTERY

Conclusion

Considerable characterization can be obtained by the high
speed filming of the functioning of thermal battery igniters.
Details of the igniter function including particle velocity, amount
of hot particles produced, function time, extent of combustion
prior to closure disc rupture, and the effect of closure disc
thickness can be recorded. Examples of this type of information
cannot be shown adequately in the few figures in this paper, but
are more readily illustrated by the video tape that accompanied
this paper.

The effectiveness of the high speed filming technique for
detailing the functioning of thermal battery igniters and the
subsequent ignition of the thermal battery heat pellets is evident.
Clearly, more filming under a higher magnification, and with
different igniters, is required to determine whether the heat pellet
is ignited by hot particles or by the hot luminous gas produced
by the igniter.
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Introdution

Thermal batteries are energy storage devices which are often The gains studied were 2, 4, 6, and 8% of the total anode weight
presumed not to age under normal ambient storage conditions (since the most active getter in the battery was expected to be the
because they are (1) considered to be hermetically sealed and (2) anode, based on the Sandia 2 studies). When a desired weight gain
contain solid electrolytes which are of very low conductivity at was achieved, the battery was resealed with a high vacuum epoxy
ambient temperatures. Thus, Tipper and Yalom' state that among resin and function tested for requirement failure.
their advantages over other primary batteries are shelf lives of 10
to 20yr. However, cell level studies at Sandia National Labs2 have To then evaluate the effects of the reactant gases on the
shown that exposure to moist air contamination equal to an anodic principal battery components, a new battery which had been sub-
weight gain of only 4% is sufficient to lead to cell failure on test, jected to the largest weight gain, 8%, was dissected in a dryroom
characterized by (1) higher than normal peak voltage at activation at the conclusion of the weight gain and the components were
and (2) shorter than normal life during discharge. Recent work at transferred immediately to the selected instruments for analysis.
NAVSURFWARCENDIV Crane has indicated that a combination of The analytical methods chosen included x-ray diffraction (XRD),
thermal and mass transport conditions simulate real storage aging emission spectroscopy (ES), and x-ray photoelectron spectroscopy
effects. Natural internal chemical degradation processes such as (XPS). In addition, individual components were vacuum baked to
auto-oxidation of heat pellets and anodic reactions with entrapped determine moisture content, and bomb calorimetry (BC) was per-
oxygen and nitrogen in the presence of catalytic moisture liberated formed on heat pellets to determine potential loss of calorific
by mica insulators and separator materials occur more rapidly at output.
elevated temperatures (up to 180F), leading to loss of specification
capacity at younger than expected shelf ages. Results and Discussion

Of greater significance, though, is reaction with ambient air A sample of insulating disks, wrap, and tape were weighed
which may leak into the battery. Two questions arise with respect individually on an analytical balance to 0.1mg precision, vacuum
to loss of capacity in this case. First, how much reactive moist air baked at 220F and lO3torr for 48hr, and then reweighed. In coin-
must be taken up to produce a significant decrease in capacity. parison to their initial weight before baking, there was no signif-
Second, on which components in the battery is the leaked moist air icant weight change. A similar experiment, conducted on electro-
having its greatest impact. lyte samples, yielded similar results. The heat pellets were burned

in a bomb calorimeter and the data compared to fresh heat powder
At NAVSURFwARCENDIV Crane, studies were initiated to deter- data; no significant change in calorific output was observed. Since

mine at what level of weight gain due to absorbed moist air a class the cathode material is even less likely to getter any of the reactive
of thermal batteries with lithium-silicon alloy anodes and iron gases than those components already mentioned, it was not evalu-
disulfide cathodes would begin to fail the specification requirement ated by vacuum baking.
for capacity. Then, dissected cells at the same weight gains were
submitted to material analysis to determine which components Samples of electrolyte wafers from the top and bottom of the
(anode, cathode, electrolyte, heat pellets) suffered the most cell stack were analyzed by ES; the major elements found were Li,
degradation due to absorbed moist air. Mg, and Ca. Examination by XRD showed MgO, LUF, and LiBr.

No significant difference in diffraction patterns for wafers from the
The final evaluation utilizes a mathematical model based on top and bottom of the cell stack was observed. No evidence for

leak rates to predict how many years are required to get the weight significant amounts of hydrated salts was found.
gain necessary for a thermal battery to be regarded as no longer
reliable, i.e., likely to fail capacity specifications. This then Thus, it seemed likely that the principal absorption of reactive
becomes the accepted shelf life. gases would be through chemical reaction with the lithium anodes.

Examination of the anodes by XPS with depth profiles (DP) was
E rimenta1 performed because two questions were important: (1) to what

extent were the contaminants spread over the anode surface, and
In order to investigate the aging effects of a leak of moist air (2) to what depth did the contaminants penetrate the anode.

on thermal batteries on a reasonable time scale, the process is arti-
ficially speeded by drilling the case at the top edge with a 3/32in In the XPS experiments, the surface edge of the bottom disk
hole, and enclosing the battery in a temperature/humidity chamber was examined first. A sector 1.5mm in from the edge was chosen
with moist air at 80C until a specific weight gain has occurred. which had a slight purple-red cast; a survey spectrum (Fig. 1)
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showed strong oxygen and carbon peaks, and a weak nitrogen observations it is concluded that the entire anode urface is quickly
peak, typical of surface contamination from exposing the sample covered with an oxide/nitride film while penetration into the anode

to ambient air. When this region was sputtered with argon ions occurs more slowly and primarily at the outer edge of the diuks.

for 10rain at 2min intervals, the carbon quickly disappeared while Evidently the loss of 4% of the anode by weight is sufficin to

oxygen and lithium contents rose (Fig. 2). As sputtering was cause the battery to fail its capacity requirement.

continued, the percentage of Li, 0, and Si changed as shown in
Figs. 3-5. The continued detection of oxygen during sputtering, References

to an eventual depth of 1.5-2.5x10'A (0.06-0.10mil) in Fig. 3 is
most likely an edge effect in the sampling technique, so the depth 1. F. Teppler and D. Yalom, D.hrmal n , tteries, -cHanw-Hil on

probe was probably seeing essentially pure alloy beyond a depth Batteries and Fuel Cells, D. Linden, Ed., McGraw-Hill 1984,
of -5xl0 3A (0.02mil). Also it is noted in Figs. 4 and 5 that the 40-1.

alloy composition is heterogeneous, as shown by the erratic data 2. Sandia National Labs, "Capability and Accelerated Aging

values for Li and Si. Finally, during sputtering it was observed Study for Li(Si)IFeS2 Thermally Activated Batteries",
that each time the sample was allowed to rest between sputter document SAND83-1081 of DEC83.

intervals for more than 10-15min, the O-peak recovered to two
well-defined peaks. The lower binding energy peak (attributed to ..
oxide-0) gradually became more intense with depth than the higher 9 C( Is)
(attributed to hydroxide-O), and in Fig. 6 is presented a montage 8
of O-peaks to exhibit the gradual shift from hydroxide to oxide 7
oxygen with increasing depth. In this figure, plot 244-2 shows one Oos)
predominant peak for an early depth profile prior to sputtering • Os
while 244-8 is after 30min sputter. Then 246-2 shows the oxygen
peak recovery prior to the next sputter interval, after the sample Z

4

had rested, exhibits two peaks with the higher energy peak the
larger. After substantially more sputtering, 256-2 shows the 2 1 S
oxygen recovery with a shift in percentage to the lower energy 1 II.2p)

peak (oxide-0), and 256-8 shows the O-peak at the end of this 0 .-

sputter period. 68.0 5408. 488.0 426.8 368.8 3N. 0 248.8 188.8 128.8 68 8.GBINDING ENtERGY, eU
FIr.lll* I. Salpi. I. pftlh$.on I (1.-,: 1.1,g1.1 an.,y *,cg....

The next position on the sample examined was 5.5mm in from
the outer edge. In Fig. 7 is a plot of oxygen content, where it is 18e
observed that the %0 starts at a substantially lower value, decrea-
ses more rapidly with depth, and levels out at a somewhat lower 88 C1
value than for the 1.5mm position in Fig. 3. The DP for this 78

sample was taken to about 4.5xl10A (0.2mil), and the same erratic 66 C8

composition values for Li and Si were still observed, indicating 01
continuing inhomogeneity. 54e

Conclusions 38 cI

The minimum weight gain from moist air which causes a 18 S
lithium silicon/iron disulfide thermal battery to fail its capacity 8 - S'1
requirement appears to be about 4%. This percentage of weight 8.8 1.8 2.1 3.8 4.6 5.8 6j. 7.8 8.8 9.8 18.8

SPUTTER TIME, 11h.
gain is dependent on the load profile and extra capacity built into .... 2. i... 1.... . -... -.... . . -g...........

the battery, and is consistent with a worst case percentage . t ...

(minimum amount of weight gain allowable). Batteries which had plot O TIM.. T i.,.
a 2% weight increase still met this specification. i,- ..

No effects of exposure to moist air of any significance were
found for any of the components of the thermal batteries except the
anodes, in the comparisons as described in the Results section
above. The anode degradation by moist air was most pronounced
at the outer edges and decreased rapidly toward the center of the -
plate surface. The depth of penetration appeared to fall off rapidly IGO

with distance from the edge. It was also noted that the anodes
closest to the drilled hole exhibited an irridescent coloration across
the anode surface. This phenomenon decreased in intensity as one i
proceeded from the plate nearest the hole to the plate furthest ,
away. -, . ,

The anode alloy samples were found to be heterogeneous in
composition for Li and Si. Also, substantial mobility of contam-
inating reactants was noted for freshly exposed alloy surface, indi- -__

cating that the reactive agents can be passed across the surface of a lee 200 30. 40. off Gas

the ano de read ily as so o n as fresh surface is availab le . F ro m these " '. .... .. . .... ..... . ... .... ......
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I1eamt SCou1rc-em fclr TXsetrmal Batter iesm:

Study C>" the Coagultions ProCces

Elisha Rabinovitz, RAFAEL, Haifa, Israel
Chain Yarnitzky, Department of Chemistry, TECHNION, Haifa, Israel

Introduction
Experimental Methods

In almost all thermal batteries either the heat
source itself or the ignition transfer system is made Data on the powdered materials used in this work
of zirconium metal powder as fuel, brium cromate as are shown in Table I.
oxidizer and asbstos as a support.

Table I
During the production process, these powdered

components are dispersed in water. The particles in Data of the powders used in this experiment
the dispersion collide, and tend to aggregate. The
suspension is filtered, and sheets of a mixed, paper- Powder Grade Surface area
like material, which can be used as a heat source, (sq.m./gr)
result from this process. The aim of this study was
to characterize the mechanism of the coagulation Barium Chromate ALFA 3.05
process taking place in this heterogeneous system. Zirconium ALFA 0.23
The research program has been divided into two parts. Asbestos Chrysotile 11.3
The first part deals with some electrochemical
interface characteristics for each of the components
involved. In the second part, the interaction between Dispersions of these powders (2 wtZ in 0.002M
heterogeneous particles is studied. Defining the main KNO:, solution (unless otherwise specified) were
parameters of this process may lead eventually to the prepared using freshly distilled water in air-tight
replacement of the existing system. containers. An ultrasonic processor was then used to

deflocculate the dispersions. The pH of the dispersion
Inter-particle forces was adjusted by adding HNO, or KOH.

In a dispersion of fine particles in a liquid, The zeta potential was determined by microscopic,
frequent collisions between particles occur. Whether electrophoretic mobility measurement method, using a
such interactions result in a permament contact or ZETAMETER apparatus with a flat cell IOX2 mm and a
whether the particles rebound and stay free is voltage of 10 V/cm. The i.e.p. was determinated by
determined by the forces between them. According to running two sets of experiments. In the first set, a
the DLVO theory two types of forces are usually number of measurements at different p.d.i,
considered: Van der Waals attraction forces and the concentrations (in a 0.002N KNO_, solution) has been
double-layer electrostatic repulsion force. The zeta done, and a curve of the zeta potential vs
potential which is the electrical potential at the concentration has been plotted. In the second set, the
slip plan between particles and medium can be same dispersion was prepared using O.OI KNO,
considered as the potential determining the magnitude solution. I.e.p. is the point were the two curves
of the electrostatic force. Zeta potential becomes intersect at the point of zero mobility.
zero at the Iso Electric Point (i.e.p.) which is the
concentration of the Potential Determining Ions Results and discussion
(p.d.i.) at which the number of the positive charges
on the surface equals the number of the negative The case of Barium Chromate
ones.

The interfacial electrostatic chemistry of the
In addition, steric effects and surface system BaCrO./solution involves various types of

reactions may play an important role in such a surface species. Each of them can react according to
process and affect the stability of the dispersion. the following set of reactions:

CrO0" . H HCrO,-
The total energy approximation for the

interaction energy of two different spheres of radii
a, and a 2 , surface potentials *, and *2, with IICrO,%+ H' . HCrO.
a distance H between their surface, can be written
as:

12H --A +4 CrO," + HNO . 2HCrO.

and in basic solution:
a, x a 2  CrO; - OH- . HCrO." + CrO."

a, + a2 rU+

where A, the net Hamaker constant for materials 1 and IlCrO." + OHN a CrO2 * H2

2 in medium 3; £ is the dielectric constant of the
medium. The repulsion function for the case of Host of the reactions taking place at the surface
constant potential is given by: involve adsorption of proton, and that is why protons

have also to be considered as p.d.i.'s (in addition to

f = # InI +exp(-r.H) barium and the chromate ions).
I -exp(-xH)

The dependence of the zeta potential of BaCrO.
+(#2 +#)In[I-exp(-wH)j on the pH of the solution is described in figure 1:
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As shown, the zeta potential is negative over a The above described results are quite different

wide range of pH. The i.e.p. is found to be at pH from those of the previous experiment, wherein the pH1

value of 4. Based on the equilibrium constants of all of the solution has been varied. The difference

the above given reactions, the concentration of between the behaviour of the zeta potential at

barium and chromate species in the solution can be constant pH and at variable pH can not be related to

determined for each pH value. At the i.e.p. the the specific adsorptin of hydrogen/hydroxyl ion nor to

concentration of the barium ion is about 4"10-*M the specific adsorption of bichromate ion. Let us

which corresponds to a chromate concentration of examine the role of the dichromate ion

about 6•lO-'M. (Cry,0 7-) in this system.

004 Figure 3 describes the chromate/dichromate
concentration ratio. As shown In Figure 3, the

Oil concentration of dichromate at pH values above 4.5 is
negligible. At pH values under 4.5 a significant

O.a"et(0.0lM) amount of chromate ion are converted into dichromate.

I a

0a 0 --- ---- ------ --- ---.--- - ------------ --
0 ....................................................... ............. D. •i.•..... • .... ;U.,.-08

..- 012

-0.02 
0 .

Fi . Z P 0.1 r-'8

-At PH vaue ab-ve 5.tezt oeta ean . . .
appoxmael cosat ti sumdta.hr sP

• a

2 " -. -9 1 1 2 1.3U - -- --. - --- s-ia

At pH values above 5, the zeta potential vemains 2.5 s .5 in 4t5 5 5s5

approximately constant. It is assumed that there is ei
no specific adsorption of hydrogen, hydroxyl or Figure 3. Chromate/dichromate concentration

HCrOht ions, ratio vs. pH

As all solutions are saturated with BaCr0 4 , In contrast to all others species in the solution,

the concentration of the barium ion can be calculated dichromate can penetrate into the surface of the

for every pH value. Accordingly, figure 1 can be BaCr0l crystal lattice. At the sane time, the

redrawn again as zeta potential vs p[Ba+ 2 s. This dicromate species in the solution has to be in

can be compared with a seset in equilibrium with the dichromate available in the

which the zeta potential of BaCrOe is measured at a crystal lattice. As the pH of the solution decreases

constant pH value of 4.5 (the concentration of p.d.is below 4.5, and the solution is enriched in dicmromate

in the second set of experiments is changed by adding ions, the concentration of these ions at the
K2 Cr04 or Ba(NOa) 2 to the solution), crystalline surface must also increase. The change in

surface structure seems to be the reason behind the

As can be seen in figure No 2, the zeta change in the i.e.p.

potential at constant pH is found to be negative over

a wider range of barium concentrations. The i.e.p, is The zeta potential of zirconium

found at the p[Ba÷2] value of 2.2 which corresponds

to a barium concentration of about 6"10-'N or Zeta potential of the zirconium dispersion has

chromate concentration of 4.10-"M. been measured over a wide range of pH. As shown in
figure 4, zero electromobility (i.e.p.) is found at pit

0.02._

,e5.5.~

.4 p. eontId...
b.o
; i---- - bt tit p3=. ___-

- • k ~rm ntal pB=• .5-

IREI a a. Um is am Psvi

- , Figure 4. Zeta ptential of colloidal

D zirconium in 0.002M KNO:,-0.002

'"05 25 215 15 -5 Its 75 A.s
-al• .The zeta potential is found to be negative over

all the pHl range in the presence of the Cr04-' ion.

We assumed that there is a specific adsorption of

Figure 2. Zeta potential of BaCrO0 vs barium chromate ion on the surface of the zirconium

concentration. particles.
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The Water/Asbestos Dispersions We found that in the basic pH range and in the piH
range below 4, there is a high energy barrier that

When asbestos is dispersed in water, some prevents the coagulation procces. Fast coagulation is
complex physical and chemical reactions take place. expected in the pH range 4-7.
For example, when chrysotile asbestos is dispersed in
distilled water, the increase in pH and the To prove the above prediction, experiments have
concentration of dissociated ions released continues been conducted in which dispersion of zirconium were
to grow over a period of days. Magnesium is the main prepared with pH ranging from 3 to 9. For each
ion released. This process can explain why the zeta dispersion, sedimentation time has been measured. It
potential of freshly prepared asbestos dispersion is has been found that in the pH range of 4-6.5
over +50mV while the zeta potential of washed sedimentaton was fast while outside this range
asbestos is negative. During the production of heat sedimentaton was 2 to 5 times slower.
sources based on asbestos, there is always a stage of
disintegration involving intensive mixing. During The interaction energy between zirconium
this stage, the dissociation rate increases and particles in a solution saturated with barium chromate
positive zeta potential is assumed. species is of special interest. In the basic pH range,

the energy barrier remains. In the lower pH range, due
Interparticle interaction energy to specific adsorption of chromate ion to the

zirconium surface, the barrier is lowered and rapid
Zr-Zr interparticle interaction energy coagulation occurs.

When a dispersion of zirconium, barium chromate Chromate - Zirconium interaction
and asbestos is prepared, three types of
interparticle interactions may occur: interaction Figure 6 describes the interparticle interaction
between two identical particles (i.e. two zirconium energy between a BaCrO. particle and a zirconium one
particles), interaction between two different in pil 7. It can be seen that a high energy barrier
particles (i.e. a zirconium particle with a barium exists preventing a permanent contact. Yet, before the
chromate one) and an agreggate containing a mixture barrier, a secondary local minimum exists so that
of two which interacts with the third one. A unstable flocs can be formed.
microscopic inspection proves that all possible 1.6
interparticle interactions occur, leading to
coagulation. The only exception is that no aggregate 1.26
of zirconium particles has been found. In this
section we shall discuss the condition for hetero- z 0 I/6-t1t1e
coagulation of dissimilar dispersions, based on the - 0.76
zeta potential measurements.

Figure 5 describes the interparticle interaction ' -1 0.26
energy of two identical zirconium particles having 0 -----------..........
1.1Ij in diameter, dispersed in a 0.002M neutral o .u.
KNO:, solution. The heavy solid line in the figure . -o.2-..-----

is the total interaction energy which is the sum of a
the Van der Waals attraction force (the dashed line)
and the electrostatic repulsion force (upper solid , -0.76
line). -1

1-..

-1.6
0 0.1 0.2 0.3 0.4 0.6 0.6 0.7 0.6 0.9

Overall enrg distance (M
(Times 109-7)

Van-der-wasls Figure 6. Zr - BaCrO interaction (pil=7)

SElectroatic Calculating the interaction energy over the

C - entire pH range shows that there are no barriers in
e ........................... .. ...... the lower pH range, and flocculation is expected In

the basic range. It is also found that there are no
barriers when two identical BaCrO. particles

~ ~.-0.5interact.

Conclusions

The mechanism of the heterocoagulation process
__taking place during the production of

-'0 05 1.S 2 a a R 4.5 zirconium/BaCrO./asbestos can be understood on the
Distance (EM) basis of DLVO theory.
(Times 1ID-E

It has been found in the case of a dispersion
containing Zirconium and BaCrO4  particles that in

Figure 5. Zr - Zr interaction vs distance the pH range of 5.5 and below there is no energetic
barrier which can prevent the coagulation of various

As shown in Figure 5, a high energy barrier combination of particles present in the mixture. In
cxists at a distance of about lOnm, which prevents such a case the composition of the aggregates is
rapid coagulation (the dispersion is stable). In the determined statistically, by the number of collisions
same way the interaction energy of particles has been between the particles which in turn is determined by
calculated for zirconium dispersions in solutions the composition of the dispersion. In the basic pH
having different pH values in the range 3.5-8.5.
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range of such a dispersion, an energy barrier that
prevents a permanent contact between two identical
zirconium particles exists. Another barrier is also
found in the collision between zirconium and BaCrO,
particles. A local minimum in the energetic barrier
enables the heterocoagulation.

In the case of zirconium-BaCrO.-asbestos
dispersion, under intensive mixing the pH is high and
the zeta potential of the fibers is positive. When
negatively charged zirconium or BaCrO4  particles
penetrate the asbestos gel, they are immediately
bound to the fibers. But, unlike the BaCrO,
particles, the zirconium particles prevent other
identical particle from binding to each other because
of the high energy barrier. Indeed, microscopic
inspection has provided evidence of the presence of
aggregates made of asbestos fibers and chromate
particles, asbestos fibers with zirconium-chromate
mixture and even fibres with a single zirconium
particle with no zirconium aggregate.
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IMIDE-BASED ELECTROLYTES FOR MEDIUM- Information on the transport properties of electrolytes, such as
TEMPERATURE RESERVE CELLS stability, viscosity, resistivity and dielectric constant are of

paramount importance during the development of both primary
C 0 GIWA and rechargeable systems. Thus, the aim of this study is to

investigate the effective resistance of all - lithium salt electrolytes
Materials & Structures Department such as lithium trifluoromethanesulphonimide (LiN(CF 3SO2)2) -

Defence Research Agency lithium nitrate (LiNO 3) - lithium trifluoromethanesulphonate
Famborough (LiCF 3SO3) and to compare results obtained with neat lithium

Hampshire GU14 6TD UK trifluoromethanesulphonimide. The thermal stability and
discharge characteristics of these are also discussed.

Abstract
2. EXPERIMENTAL

This paper describes a feasibility study on materials for a
medium-temperature (200-3500C) reserve primary cell concept, 2.1 Chemicals
whose activation is similar to that of thermal batteries in that an
electrolyte which was solid under storage conditions would be The lithium trifluoromethansulphonimide ("imide") was a gift from
melted to activate a battery. The aim is a reserve battery of 3M (United Kingdom plc); the lithium trifluoromethanesulphonate
high energy density running at medium-temperature and ("triflate") and LVO [9] were synthesised at DRA, Farnborough.
capable of sustaining a current load of about 50mA/cm 2. All other materials were bought from Aldrich Chemical Co.
Electrolytes studied were LiN (CF 3SO 2)2 and LiN (CF3SO2)2-
LiN0 3 -LiCF 3 SO 3 . Thermal analysis and resistance 2.2ThermalAnalysis
measurements have shown that imide - based electrolytes were
stable and capable of sustaining reasonable current densities. Thermal analyses were carried out using combined
The anode was lithium-aluminium alloy and potential cathodes thermogravimetric analysis (TGA) and differential thermal
included lithiated vanadium oxide (LVO) and manganese analysis (DTA). The heating rate was 100C per minute and
dioxide. samples were heated in a helium atmosphere. The
Single-cell test results on the combination LiAI / imide - nitrate thermogravimetric balance used was a Stanton Redcroft
- triflate - MgO \ MnO 2 show a capacity of 626 coulombs/g STA1 000. The results are shown in figures 1 to 3.
MnO 2 at a current density of 25mA/cm 2 at 275 0C. This is
equivalent to a specific energy of 540 Wh/Kg MnO 2 of active 2.3 Measurements of the resistance of electrolytes
cell component to 0 volts versus 20% lithium-aluminium alloy.

The effective resistances of electrolyte pellets were measured
1. INTRODUCTION in the single cell tester, in an argon atmosphere. The single cell

tester has been described previously [101. All electrolyte mixtures
In the last 15 years we have seen a growing effort from several were pre-fused in the same atmosphere. Two 300 mg pellets

research groups (1-51 aimed at investigating thermally activated of 19.9% lithium-aluminium alloy were used to form a sandwich,
cells which utilize electrolytes that melt at medium temperatures. with the electrolyte pellet (300 mg) between them. These three
Nitrate - based cells appear to have been widely studied pellets were put between flat iron current collectors, which were
because of their high conductivity (2.1 x 10-1 ohm-' cm-'). held between mica insulators and were heated to the required
However, electrolytes containing lithium trifluoromethane temperature. Currents were passed, and the voltages required
sulphonimide have been exclusively examined for use in to drive the currents through the pellets were recorded. From
ambient temperature lithium rechargeable cells as a dissolved the currents and voltages the effective resistances were
salt in the electrolyte for liquid electrolyte batteries and for all- calculated. These resistances included not only the resistance
solid-state polymer batteries (6-81. From the latter investigations, of electrolyte, but also those of the two lithium-alloy pellets, the
it was concluded that imide - based electrolytes offer current collectors, and the two anode -electrolyte interfacial
improvement in the electrochemical and chemical stability for resistances. These effective resistances are shown in table 1
rechargeable and primary lithium batteries. Because of their and discussed in section 3.
high conductivity in the molten state and their thermal stability,
imide - based electrolytes have been examined in this work for 2.4 Preparation of pellets for electrical discharge
use in medium temperature reserve batteries. Possible
applications for such batteries were not rigidly defined at the The preparation of pellets for electrical discharges has already
start of this investigation but, if successful, this battery was seen been described (5]. The electrolytes used in each test consisted
as a possible competitor to some designs of lithium ambient of neat imide LiN(CF 3SO2)2 or a 90:5:5 mixture of the lithium
temperature reserve batteries. The perceived advantage of the salts lithium trifluoromethanesulphonimide - trifluoromethane -
proposed battery over the present reserve batteries would be sulphonate - nitrate. Electrolytes were immobilised on 30%
that the electrolyte would be in-situ between the electrodes ready magnesium oxide. A lithium - alumninium alloy containing 19.9%
to be activated and would not require physical displacement lithium obtained from Lithco was sieved to a particle size <212
from a storage container by action of gas pressure or bellows. microns and used as anode. The temperature and currents at
The proposed battery could therefore have a higher specific which discharges were carried out are shown in the individual
energy and / or power density than the present types. discharge diagrams (figures 4 to 6) and discharge results are

summarised in table 2.
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3. RESULTS AND DISCUSSION 4. CONCLUSION

3.1 Effective Resistance and Stability of Electrolytes A medium temperature reserve cell has been investigated to
provide moderate currents (up to 50 mA/cm 2) at temperatures

Table 1 summarses the result of the resistivity measurements, between 200 and 350°C. Electrolyte mixtures containing lithium
whilst figures 1 to 3 show the thermal analyses of neat imide trifluoromethanesulphonimide (LiN(CF 3SO2 )2) have adequate
and imide - nitrate - triflate mixture. Lithium imide displayed a conductivity for this application. A mixture containing
complex profile on thermal analysis. Two endotherms were LiN(CF 3 SO2)2 , LiCF 3SO3 and LiNO 3 was suitable. The most
found on heating (see figure 1), the first peak at 1556C being promising cell appeared to be:
due to a phase change and the second peak at 230°C being
due to the melting of the imide. When the sample was allowed UAI \ LiN(CF 3SO2)2-LiNO 3-LiCF 3SO3-MgO \ MnO 2-graphite
to cool and reheated only the upper melting point was found
(figure 2). The lower endotherm is probably due to a metastable When discharged at 2750C and at 25mA/cm2, it yielded over
phase; this thermal analysis indicates that lithium imide is stable 540 Wh/kg MnO 2.
in the molten state from 2306C to over 3500C and that it is
suitable for use in a medium temperature reserve battery. (C) British Crown Copyright 1994/DRA. Published with the

permission of the Controller of Her Britannic Majesty's Stationery
The thermal analysis of the all - lithium salt imide - nitrate - Office.

triflate mixture ("imide-mix") is shown in figure 3; a sharp melting
point of 1990C was found and this mixture was stable to over
3500C. Thus imide - mix electrolyte has a wider operating 5. REFERENCES
temperature range (over 1 506C) than neat imide.

1. Miles, M. H. and Fletcher, A.N. (1980). Thermal battery utilizing
The effective resistances of imide immobilised on magnesium molten nitrate as electrolyte and oxidizer. US Patent Appl.

oxide have been compared with that of imide - mix (see table No. 11076
1). It can be seen that the resistances of imide - mix were lower
than those of neat imide. Thus the imide mix should be a better 2. Bolster, M. E., Embery, J. and Staniewicz, R. J. (1989).
conductor of lithium ions. Development of low melting electrolyte system for a LiAI/

Ag2 CrO4 battery, Extended Abstract Proc. Electrochem. Soc.
3.2 LiN(CF 3SO2)2 ("imide") electrolyte 98-2, p147.

Discharge curves for cells based on neat imide electrolyte are 3. Pereira-Ramos, J. P., Messina, R. and Perichon, J. (1986).
as shown in figures 4 to 6, while table 2 summarises the test Electrochemical behaviour of some transition metal oxides
conditions. The results in table 2 indicate that the energy density in molten dimethylsulphone at 1500C. J. Appl. Electrochem.
achieved with manganese dioxide alone is low. However, it can 16, pp 379-386.
be seen clearly that the addition of graphite to cathode did
improve the conductivity of the manganese dioxide cathode at 4. McManis, G. E., Miles, M. H. and Fletcher, A. N. (1985). High
275 0C. The energy density attained by LiAI \ imide-MgO \ MnO 2- performance nitrate cell. US Patent Appl. No 6653115.
graphite at 50mA/cm2 is lower than that of imide - mix - based
cell; it can therefore be concluded that the former electrolyte 5. Giwa, C.O., (1993). Feasibility study of sulphone - based
can only give reasonable performance at the lower discharge electrolytes for a medium - temperature reserve cell concept.
rate. The sloping discharge profile is an indication that the cell J. Power Sources 42, pp 389-397.
was struggling and also the reaction involved was a one electron
reduction as shown below: 6. Dominey, L.A., Goldman, J. L., Koch, V. R. and Nanjundiah,

C. (1990). Stabilization of electrolytes for lithium rechargeable
MnO 2 + xLi -> MnO 2 Lix (2.8V) batteries. Proc. Electrochem. Soc. 90-5, pp 56-66.

3.3 LiN(CF 3SO2)2-LiNO 3-LiCF 3SO3 ("imide-mix") electrolyte 7. Alamgir, M., Moulton, R. D. and Abraham, K. M. (1991). Solid
superionic conductors. Proc.Electrochem. Soc. 91-3, pp 131-

Typical discharge curves obtained for imide - mix electrolyte 141.
with manganese dioxide are also shown in figures 4 to 6. The
cell has an OCV of 2.9V, and gave a better performance than 8. Waddell, J. E., De Witte J. and Alison, M. (3M Company).
the neat imide cell at 2750C and 3000C at 25 mA/cm 2 and also Private Communication.
at the 50mA/cm2 discharge rate at 275°C; it delivered 61.7%,
68.5% and 84.1% more energy respectively. It can be inferred 9. Faul, I. (1986). Proc. 32nd Int. Power Sources Symp., Cherry
that these results are due to the lower resistances associated Hill, USA, p636
with the imide-mix (see table 1). Figure 6 shows the discharge
of a LiAI \ imide-mix-MgO \ LVO-graphite cell. An OCV of about 10.Ritchie, A. G. (1993). Power Sources 14, Proc. 18th Int. Power
3.15V was observed and it displayed a sloping voltage curve. It Sources Symp., Stratford - on - Avon, England, p299.
can be seen in table 2 that the energy delivered by this cell
increased with temperature at the 50mA/cm2 discharge rate.
The cell discharged at 3200C delivered 243 Wh/kg while the
one at 3400C gave 287 Wh/kg, i.e. 18.5% more energy.
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EVALUATION OF TRANSITION METAL SULFIDE
CATHODE MATERIALS FOR THERMAL BATTERIES

Steven Dallek and Timothy C. Murphy
Naval Surface Warfare Center, Sliver Spring, MD

and
Trung Nguyen

EIC Laboratories, Inc., Norwood, MA

Introduction In this study, we have synthesized single-phase,
mixed transition metal sulfide cathode materials with the

Thermal batteries are high temperature, primary, compositions FeCCo(.,)S, Co3 NI(,.,)S 2, and Cu1 NI(,.S,.
reserve electrochemical power sources employing The thermal stability, electrical conductivity and
molten salt electrolytes that are solid and, therefore, non- electrochemical discharge behavior of the new materials
conductive at normal ambient temperatures. When were evaluated and compared to the standard FeS2
power Is required, an Integral pyrotechnic heat source is cathode material.
Ignited which raises the Internal temperature above the
melting point of the electrolyte, thus making It
conductive and permitting battery operation. Most Expedmentsl Methods
thermal batteries are based on the lithium alloy/metal
disulfide electrochemical system. The battery consists Synthesis
of a lithium alloy anode, an Iron dlsulftde (FeS2) cathode,
and a lithium chloride-potassium chloride or a lithium The synthesis of the single phase mixed-metal
fluoride-lithium chloride-lithium bromide eutectic sulfides was carried out using co-precipitated mixed-
electrolyte. Such batteries have specialized uses for crystal sulfates. The advantage of using mixed sulfate
high-power, short-term discharges In a wide range of as a precursor is that hydrated sulfates of Fe, Co, NI and
military applications. Cu are Isomorphous and readily form mixed crystals. As

a result of the homogeneous formation of precipitated
Several projected military applications will require mixed sulfates, the formation of finely divided, single-

significant advances in the power and energy density phase, well crystallized materials is faciltated at higher
capabilities of thermal batteries. It is not likely that a temperatures. The mixed metal sullat were prepared
new thermal battery anode material with superior by mixing solutions of the single metal s Ifats in the
electrochemical properties to lithium and Its alloys will desired stoichiometry. The mixed sula soluikon was
be found. The development of new, synthetic transition poured into a large batch of acetone W imecipt the
metal cathode materials, however, with higher thermal mixed metal sulfate crystals which ae hghtly inooluble
stability and higher electrical conductivity than FeS2  In acetone. The precipitated sulfte was fi and
would allow for significant improvements In thermal dried at 100'C under vacuum. The dry product was
battery power and energy densities. heated to 3500C In dry flowing N2 for 15 minutes. The

gas was then changed to a 50:50 H,8&4 mixture and
The conventional synthetic approach used in the maintained for 6 hours. The resulting sulfide was

preparation of metal disulfides is the direct reaction of quenched to room temperature, and residual water was
the elements in sealed evacuated silica tubes at elevated removed by heating the product under vacuum at 300-
temperatures. For example, one of us (S.D.) reported 4000C. To ensure proper stoichiometry, the dry product
earlier on a process for the preparation of synthetic FeS2  was heated at 650-7000C in an evacuated quartz tube with
cathode material for thermal batteries1. Mixed transition excess sulfur for a period of 2-3 days. At the end of the
metal disulfide cathode material can also be prepared reaction period, the excess sulfur was condensed in a
directly from the elements, as reported recently by cool region of the tube. The pure mixed metal sulfide
Awano at aW2. Pure, single phase mixed-metal products, was collected under nitrogen and stored in an inert
however, are difficult to obtain, even with repeated atmosphere. The following series of compounds was
grindings and firings. In the preparation of Co-rich (Fe, synthesized and evaluated in this study: Fe0uCo,,S2,
Co)S2 material, for example, a small amount of CoS2 was Fe 0.5Co0.SS2, Fe0 1 CoDAS 2, Co0uNl0 2S 2, Co.Ni0.SS2,
always found as a separate phase3. A different approach Co0•Ni,,S,, and Cu,,Nl0 S2.
to the synthesis of transition metal disulfides was
proposed by Delafosse et a14, who prepared CoS2 and Characterization
NiS 2 by heating the corresponding sulfates in HS. This
procedure was used successfully by Bouchards to X-ray Diffraction (XRD): XRD patterns of the new
prepare a series of mixed transition metal disulfides. transition metal disulfides were determined using a

Rlgaku diffractometer fitted with a filtered Cu tube. Si
powder was added to the sample to serve as an Internal
reference.
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Thermogravlmetric Analysis (TGA): The thermal test ceils were placed Inside a furnace at 5200C under an
stability of the new cathode materials and the standard atmosphere of nitrogen and discharged at a current
FeS2 and CoS, materials was determined by TGA. A TA density of 0.1 A/cm2. All experimental procedures were
Instruments Model 951 or Perkin-Elmer Model 7 conducted in a Dry Room maintained at less than 2%
thermogravimetric analyzer was used. Samples (10-12 relative humidity.
mg) were run in platinum boats at a heating rate of
100Clmin from 200 to 7000C in a flowing atmosphere of Results and Discussion
argon.

Iron disulfide and cobalt disulfide were prepared
Conductivity Measurements: Conductivity separately from the corresponding sulfate precursors to

measurements were performed by an AC Impedance ensure the validity of the HS reduction method. XRD
technique. In this approach, a 5 mV AC signal was patterns obtained for these baseline materials were
applied to the cell in the frequency range from 5 Hz to identical to published data. XRD patterns of the
100 kHz and the resulting currents and voltages were (Fe,Co)S, series of compounds showed that the initial
recorded with the aid of a lock-in amplifier. The H2S reduction step produced an amorphous, non-
resistances of the powder samples were determined from stoichiometric product. After heat treatment of this
the plot of the imaginary component of the complex material with excess sulfur at 650*C for four days, the
impedance (-Z") versus the real component (Z'). The AC XRD pattern clearly indicated the conversion to a highly
impedance measurements were made with an EG&G crystalline and well ordered final product. The (Co,Ni)S,
PARC Model 378 Electrochemical Impedance System, and Cu0,Ni 0,S, materials, on the other hand, were
comprised of a EG&G PARC Model 273 Potentiostat/ crystalline even before the heat treatment procedure with
Galvanostat, a Model 5208 Lock-in Amplifier, and an IBM sulfur.
PC controlled by EG&G PARC software. The sample
powder was packed inside a cylindrical cavity with TGA curves comparing the thermal stabilities of
dimensions of 0.5 cm in diameter and 45 cm in length the mixed-metal transition metal disulfides and the
drilled out of a cylindrical block of plastic with a diameter standard FeS2 and CoS2 materials are shown in Figures
of 34 cm. Two stainless steel rods, which acted as 1 and 2. It is seen that the thermal stability of the (Fe,
blocking electrodes, were Inserted on each side of the Co)S, compounds increases with increasing Co
cavity and clamped down with a C-clamp. Preliminary concentration. The thermal stability of the (Co,Ni)S2
experiments Indicated that the prepared samples were so compounds is highest for the Co,,Ni02 S, phase. The
conductive that it was necessary to insert a known 1 thermal stability of the Cu0:Ni0,S 2 phase is higher than
ohm resistor into the circuit to make the AC impedance that of FeS2 or CoS 2.
measurements possible. A blank measurement was first
made to determine the resistance contribution of the 1 The conductivity results are summarized in Table
ohm resistor, leads and blocking electrodes. The 1. It is seen that the introduction of Co atoms into the
electronic conductivity of the powder was then obtained FeS, structure to form a single phase mixed-metal
by subtracting the blank value from the measured value. disulfide significantly increases the conductivity (i.e.,

decreases the specific resistivity) of the material. The
Single Cell Discharge Studies: Preliminary resistivity decreases as a function of increasing

evaluations of the electrochemical performance of the concentration of Co atoms. Thus, the conductivity of
new cathode materials were conducted using single cell Fe0,Co,,S 2 is over 3 orders of magnitude greater than
tests. The individual test cells were constructed with that of FeS2. Since CoS2 is a metallic conductor, the
pelletized electrode components. The electrolyte was Incorporation of Co into the semiconducting FeS 2
composed of a mixture of LICI:LiF:LiBr (25:37:38). It was structure to form the (Fe,Co)S, phase would be expected
mixed with MgO in a ratio of 1:1 to form the to provide increased conductivity. The incorporation of
electrolytelseparator mixture. The anode material was Ni, on the other hand, to form (Co,Ni)S2 Is seen to have
prepared by mixing LiAI powder with the electrolyte in a little effect since NIS, is a semiconductor. The high
ratio of 2:1. The cathode material was made by electronic conductivity of the Cu 0:Ni08 S2 material derives
combining the mixed-metal disulfide with the electrolyte from the metallic conductivity of CuS,.
in a ratio of 4:1. The electrolyte, anode and cathode
mixtures were thoroughly m5Aed inside a rolling mill for Single-cell discharge curves obtained at a current
about 2 hours. The homogeneous powder was then density of 0.1 mA/cm 2 are shown in Figures 3 and 4.
pressed with a stainless steel die to form round pellets From these preliminary results, with unoptimized cells, it
with an effective surface area of 1.26 cm2. The cells were is seen that Fe 0,Co 0jS2 has a much higher discharge
constructed by stacking the cathode between two voltage than the standard FeS2 material.
anodes with the electrolyte/separator pellets In between
them. The cells were then sandwiched between two
stainless steel disc current collectors which were
insulated from the compression plates by a layer of
insulating mica. The pressure applied to the cell stacks
through the compression plate was about 15 psi. The
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Summarl Table I

New thermal battery transition metal cathode Resistivity of Single Phase Mixed-Metal Disulfides
materials with the compositions Fe__C_ __.,)S_, CoNi_(_._)S2,
and Cu.Ni(.X)S, were synthesized by H2S reduction of the
corresponding mixed-metal sulfate precursors. The Sample Resistivity, p (fl.cm)

materials were characterized by XRD, TGA, conductivity FS 17.72
measurements, and single-cell discharge studies. FeS __17.72

Fe 0.5Co0 .•S2  0.088

The Fe,,CouS 2 phase, In particular, has potential

as an attractive new cathode material. It has higher Fe0 .SCo0MsS 2  0.021

thermal stability and substantially lower resistivity than Fe0.2Co Sl 0.005
the standard FeS2 cathode material. Furthermore, the
single-cell discharge voltage of Fe,,Co0o.S2 was CoS 2  0.002
significantly higher than that of FeS2. Thus, the new

cathode material may provide for Increases In the energy Co0*.Ni0.2S2  0.015_....

and power densities of thermal batteries. Coo.sNi0.sS2 0.005

CoNio0 S 2  0.026
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LITHIUM ALUMINUM / IRON DISULFIDE RECHARGEABLE BATTERIES
FOR PULSE POWER APPLICATIONS

J. D. Briscoe
SAFT AMERICA INC

Research and Development Center
107 Beaver Court

Cockeysville, Maryland 21030

CERAMIC SEA L _)

Advanced lithium aluminum/iron disulfide rechargeable batteries SEPARATOR/ELECTROLVTE

employing molten salt electrolytes are under development at SAFT for IuCA. PE)

pulse power applications. Battery stack arrays consisting of twenty series
connected cells operating at 465 degrees Celsius have been cycled at high
rates of 3C charge and 75C discharge. The 10 kW cylindrical bipolar
battery module employs an integral volume compensating bellows to
maintain cell to cell contact while providing for expansion and contraction
of the electrodes during cycling. An aluminum iron alloy additive in the
negative electrode provides over charge tolerance and cell balancing by a (4) Pas

lithium shuttle mechanism. Very high power densities of 3.0 kW/kg and
8.1 kW/l have been demonstrated.

Introduction

Rechargeable LiAI/FeS 2  batteries employing molten halide salt Figure 1: 5 MJ Bipolar LiAI/FeS 2 Module Concept Design
electrolytes are good candidates as power supplies for electric weapon
applications. The lithium halide based molten salt electrolytes have high
ionic conductivity and are ideally suited for high power densities when
compared to aqueous and solid state electrolytes. The lithium aluminum NEG
and iron disulfide electrodes have high specific energy and good reaction
kinetics. When discharged at a C/3 rate on the upper plateau the systemCELWNS
has a theoretical specific energy of 475Whkgl.

(2LiAI + FeS2 --* FeS + Li2S + 2A], 1 .66V). c*POs

The main objective of this R&D effort was to optimize the LiAI/FeS 2
system for high power and to develop and demonstrate 10 kW scaleable
battery modules containing 20 series connected, 13 cm diameter sealed TMOCOIPcS

bipolar cells. The work plan established a baseline LiAJ/FeS2 cell design nEATIM
and performance. As previously reported2 negative electrode, positive
electrode, separator/electrolyte, cell hardware, and seal studies were
conducted using 2.5 cm diameter single cells. Scale-up of the best c,0 pas

performing cell design to 13 cm diameter cells and then 10 kW stacks was COOLLNG -- ,
accomplished. Cell and battery results were compared to target values of
2.9 kW/kg, 33 Wh/kg, 5 MW/m 3, and 56 Wh/l taken from performance
guidelines for a future full scale battery as detailed in Table 1. A design Figure 2: 100 MJ Bipolar LiAI/FeS 2 Battery Concept Design
concept of the battery is depicted in Figures I and 2.

Table I: Full Scale Battery Performance Guidelines Eaeimea

Energy Storage 100 MJ (27.5 kWh)
Constant Power 2.5 MWOperating Voltage 500 V Scale-up to 10 kW battery modules was accomplished beginning with
Charge Time 15020 Minutes negative electrode, positive electrode, and separator powder mixes thatPUlse Conditions 12 Shots Over 1 Minute were processed and cold compacted into disks 13 cm diameter using a 400Pulse Duration 4 ShotsO ton capacity hydraulic press. LiAl electrode disks of 12.9 Ah theoreticalPulse Current 4 Acpns capacity were matched with FeS2 electrodes to obtain a lithium limited

Power Density 5 MW/m3  cell with negative to positive ratio of 0.86. Overcharge tolerance

Specific Power 2.9 kW/kg consisted of additives of Al5Fe2 to the negative and NiS and Li2S to the

Energy Density 202 kJ/I (56 WhU/) positive as developed by Argonne National Laboratory (ANL)3. The cell

Specific Energy 120 ki/kg (33 Wh/kg) chemistry was as follows:
Battery Volume << 3m3

With a gal of 0.5 m3

Battery Weight < 1000 kg
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Negative: LLAI, LiBr-LiCI-LiF salt, MS0, and Al5Fe2 negative collector was seated on top of a volume compenating Incond

metal bellows resting flat on a second negative collector at the bottom of

Positive: FeS 2, LiBr-LiCI-LiF salt, CoS2 , NiS, and Li2 S the case. A copper braid connected the two negative collector plates and

ElectrolytelSeparator: LiBr-LiCI-LiF salt and MgO served as a current bypass around the highly resistive bellows. The top
and bottom current collector plates were isolated from the negative cover
assembly by nma um oxide cami spacers. Each plate was tungsten

The negative electrode was assembled into a 316 stainless steel cup and a inert gas (MiG) welded to a 1.3 cm diameter nickel terminal. Each
316 stainless steel screen was placed on top. The cup edge was crimped terminal was fed through the cover assembly via a boron nitride
over the screen and spot welded all around to complete the electrode compressed powder feed through assembly as developed by ANL4 . The
package. Likewise the positive electrode was assembled using a negative and positive cover assemblies were welded into the outer case to
molybdenum cup and screen. The cell assembly is depicted in Figure 3. complete the battery assembly.

Batteries to be tested were clamped between steel plates with resistance
heaters attached and sealed within an insulated test drum container.
Because of it's greater length, the 10 kW battery had an additional heater

NEGATIVE ELECTR3DE ASSY wrapped around the case side. The integral bellows was pressurized with
argon gas to provide a force of 55 kg (0.45 kg/cm2 ) at operating
temperature. The atmosphere inside the drum was purged with argon gas
and the battery was heated to 465 oC. A Bitrode model LCS 500-45

EIL.CTROLYTE/S1PARATOR tester with 0-45 volts range and 500 amperes charge and discharge
capability was used to test the batteries. Individual batteries were
discharged under constant current loads of up to 500 amperes (4 A/cm2 at

SCREEN 75C rate). Charging consisted of 30 amperes constant current (3C rate)
, CRIMPED CUP to 2.1 V per cell followed by constant potential taper charging down to

CRIMPD CUPlow current (<2 A).
-------- -- POSITIVE ELECTRODE ASSY

Results and Discussions

The optimum chemistry and configuration required for the 10 kW battery
was developed by testing many small single cells. Scale-up to full size
LiAl/FeS 2 cells was achieved with good success. A comparison of the

Figure 3: LiAI/FeS 2 Cell Assembly results of a 2.54 centimeter diameter single cell (EW-43), a three cell

battery (EWS5-3) and two twenty cell batteries (EWS5-9 & EWS5-10) is
Twenty cells were stacked in series with two oversized metal foil disks shown in Table 2.
located between each pair of adjacent cells to help decrease electrolyte
leakage. The metal disks were bent away from each other at the periphery Table 2: Comparison of the Results of Cells and Batteries
to form a gap all around. This design provides a more torturous path for Tested at 4 AJcm 2

electrolyte to travel and reduces leakage currents. The cell stack was
placed between horizontal nickel current collector disks inside a stainless Am e &
steel case as shown in Figure 4. LoWU Pvlsul Cap- P0o, E-e DWA"

EW-43 20 091 0222 32 35 97
I CdC (47% Ul)

EWSS-3 500 236 68 30 41 oI
3 Cdls (53% Ud)

- _ ~13 c
sm-- 

CURRENT13

___________ COLLECTOR EWSS-9 500 1813 56 30 34 Ii

20 Cdls (43% U)13an

C[ERMIC RODS AIeG3 EWSS-10 0 1467 33 2 3 15 62
6 PLACES 20 Cels (26% Uti)

|_ _ _13

,- 1s0- AL tcr-s A comparison of the results of EW-43 with EWS5-3 at equivalent current
CURENT densities of 4A/cm2 shows that scale-up of the chemistry from a 2.54 cmCOLLECTOR

META. single cell to a three cell battery with 13 cm diameter cells resulted in
B LLOS similar gravimetric power and energy densities based on the weight of cell
cm.CCEcTO components. The power density of battery EWS5-3 was within 6% of cell

EW-43. The capacity utilization of the battery was higher by 13%/o, and
the energy density was higher by 6 Wh/kg (17%). This improvement is
due to the constant potential charging performed on the battery to equalize
the cells. Therefore the battery was charged to a higher state of charge
(SOC). This was not done on the small 2.54 cm cells. EWS5-3 achieved
150 high rate cycles.

Figure 4: Sectioned View of 20 Cell LiAI/FeS 2 Battery

The performance of EWS5-10 is representative of a twenty cell battery
Alumina ceramic rods were used to electrically insulate the cells from the with cells identical in design to EWS5-3 (with screens). The unusually
metal case and to maintain alignment of the stack. The lower disk low power and energy were because of high internal impedance probably
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caused by insufficent preasure on the stack resulting in limited wetting of
the screes.

GOALS.,

In contrast the best performance of a tweny cell battery was EWS5-9 that
had cells with no screen. Power densities of 8.3 ILWf and 3.0 kW/kg and 8 10
enrg densities of 353 Id/i (98 Wh/l) and 122 kJ/kg (34 WWcg), were
achieved based on the weight and volume of cell componen. A complete
cycle with rates of 75C discharge and 3C charge (with taper) is shown in
Figure 5. Open circuit rest period of 15 minutes w~ere allowed befor and

after each discharge. Figure 6 is an exlpanded discharge plot. The battery
produced a peak power at 500 amperes discharge of 11.5 kW.
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a Call Goals a3fkS./k 41111/111a

(Battery Cook: IV.LW/hS. 3Shbk8 with UOX Brden)
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as n Figure 7: Specific Power vs. Specific Energy of Three Cell (EWS5-3)
£ -• u and Twenty Cell (EWS5-9) LiAI/FeS 2 Batteries

SVOLTAGS ll00AM" *0

-0 With respect to volume the performance was even better when compared
to the goals. In order to achieve a battery size of 500 liters, power and

0 energy densities of 5 kW/! and 56 WM are needed. Using a 25% burden
Is the cell goals, are calculated as 6.3 kWI and 70 Wh/l. Both batteries

exceeded these goals as depct in Figure S. At 500 amperes battery
a• " 0 W " ,o .. .mEWS5-3 achieved 8.1 kW/l and 110 Wh/l. The 10 kW battery EWSS-9

I a womo achieved 8.8 kWfl and 98 Wh/l.

Figure 5: Cycle #6 of 10 kW Battery EWSS-9
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Figure 8: Power Energy vs. Energy Density of Three Cell (EWS5-3) and
Figure 6: Cycle #6 Discharge of 10 kW Battery EWS5-9 at 4A/cm2  Twenty Cell (EWS5-9) LiAt/FeS 2 Batteries

Cowcluin

In order to relate cell stack performance to the battery goals of 2.9 kW/kg
and 33 Wh/kg (120kJ/kg) we must apply a burden. The burden represents Advanced 10 kW battery modules optmized for high power densities of
insulation, heaters, and other hardware required for a full scale battery. If 2.9kW/kg and 5 MW/m3 are under development at SAFT. Rechargeable
we apply a 25% burden the cell goals are calculated as 3.6 kW/kg and 41 LiAI/LiBr-LiCI-LiF/FeS2 chemistry was developed and optimized for high
Wh/kg. A plot of specific power versus specific energy of the best three power in 2.54 cm diameter circular cells. Scale-up of chemistry to 13cm
cell and twenty cell batteries is depicted in Figure 7. Both batteries were diameter cells and cell stacks was accomplished, and comparable power
within 20% of the cell goals. At 500 amperes the three cell battery and energy densities were attained at high rates of 3C (30 A) charge and
(EWSS-3) achieved the optimum performance of 3.0 kW/kg and 41 75C (500 A) discharge. Power densities of 8.8 kWMI and 3.0 kW/kg and
Wh/kg. The 10 kW battery achieved 3.05 kW/kg and 34 Wh/kg. energy densities of 353 k/I (98 WM) and 122 kJ/kg (34 Wh/kg) were

achieved for a twenty cell 10 kW battery based on the weight and volume
of cell components,
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The overall reaction for the reduction of S(IV) to
DEVELOR4F T OF THE Na/",-ALW S (IV) CHLOJALL)MIMT sulfide is described by the equation

CILL

J. Caja, T. D. J. Dunstan, and G. Mamantov SCIAtIC1, . J.SA1.C1. - 6Na % NaAMSC1, . 3aAICI, - 2NaCl

Molten Salt Technology, Inc. charge

Knoxville, Tennessee working temiperature is in the range of 1800C to 2500C.
and Energy densities calculated for steps I and II are 552

Department of Chemistry Wh/kg and 174 Nh/kg, respect ively; for the overall
University of Tennessee reaction the value is 726 Nh/kg(3).

Knoxville, TN 37996-1600 The acid-base properties of molten
chloroaluminates and electrochemistry of sulfur in
these melts are crucial for the understanding of the

Abstract charge/discharge properties of cells that use positive
oxidation states of sulfur. Acidic melts are defined

we present here the results of the development of as those melts that have an AlCl/NaCl mole ratio>l.
the rechargeable cell Na/9Y"-alumina/S (IV) in molten Elemental sulfur can be either oxidized or reduced in
AlCI,/NaCl as a candidate battery for electric both basic and acidic melts. The reduction of sulfur
vehicles. Two charge/discharge steps are observed for results in a complexed sulfide. The oxidation of
this cell. In the first step S(IV) is reduced to S(•; sulfur in basic melts (AlClJNaCl mole ratio<l) leads
in the second, the elemental sulfur is reduced to a to S.Cl. (+1 oxidation state). In acidic melts the
complex sulfide. The cell has a theoretical energy electrochemical oxidation goes through several
density for the two steps of 726 Wh/kg; an open intermediate oxidation products including S2CLI to the
circuit voltage(OCV) > 4.2 V; it operates in the final reaction product SC1,AICI4 (+4 oxidation state).
temperature range of 180'C to 2500C. Only the first Initial studies of this system were carried out
step was studied in this program. Engineering cells at the University of Tennessee using glass laboratory
Na/B"-alumina/S(IV) in molten=AIClNaCl were designed cells. Since 1987 further development of this system
and constructed. The cells consisted of the positive was carried out at Molten Salt Technology(MST) with an
mix inside a 9"-alumina tube which wasobjective to develop a practical cell
an a-alumina header. The negative c.XPartment was a The results obtained with laboratory cells
stainless steel tube containing sodium. Two types of showed:
seal assemblies were used to seal the two an open circuit voltage >4.2 V.
compartments: 1) compression seals, 2) a brazed seal. - an open circitv > 4.2 V.
Static and dynamic ccmpatibilities of construction hi power density of
materials with AJ.LC1 3/NaCl melts in the presence and 1579W/kg (based on the weight of the active
absence of sulfur compounds were determined. The components) was achieved for a number of cells.
electrochemical performance of the cells was tested at - more than 1000 deep charge/discharge cycles were
2301C. Open circuit voltage of the charged cells was > obtained for number of cells; for one cell more
4.2 V; capacity efficiency of the cells was >97 W. It than 9000 cycles were achieved.
was observed for most of these cells that with cycling - cells could be charged to 100% of the
the average cell resistance reached a minirumana theoretical capacity.
then began to increase. This increase in resistance - charge/discarge effi 100%.ap obe caused by ipurities introduced in the - chargye/dischen e icien 100%ome ri cycling. Cells made of ccatible eto 97 of the first

maeras aoatryclls) sowe cpalw eistane plateau.
aterr cells) showed a low resistane - loss in cell capacity was not observed after

which remained constant with cycling. The lowest more than 3000 cycles.
resistance obtained for these cells was 4.5 gcmr; the Results of an investigation to develop a practical
longest cycle life was 9128 cy'cles in 14 months; Na/9" -alumina/S(IV) cell are presented in this paper.
maximun power density was 0.9 W/ca. Deep discharge Following areas were studied:
and overcharge,and freeze-thaw had no effect on cell 1) coatibility of materials
performance. It was demc•strated that the cell E"- 2) seal design
alumina/S(IV) in Molten AlCi 3/NaCl made of compatible 3) cell performance
materials will meet the requirements for applications 4) high energy cells.
in electric vehicles.

Tritndic-ton &rJM~n-a1
All chemicals used in the cells were of the

Of the many electrochemical systems which have highest purity. Aluminum chloride(Fluka) and sodium
been considered for battery applications in electric chloride(Malinckrodt) were purified accordin" to
vehicles, those based on molten salt electrolytes standard procedures(5). Sodium(Fisher) was filtered
appear to be especially ptriis . The cell through glass wool before use,and sulfur(Alfa) was
Na/' -alumina/ S(IV) in molten AlVý 3/NaCl is one of used as received. Kovar, 304 Stainless Steel, and the
these systems;however, its potential for practical brazing alloys were commercially available. Nickel 200
applcatons has not been explored. This cell has been and tungsten wire were obtained from AESAR.
studied at the University of Tennessee since 1976 Reticulated Vitreous Carbon (RVC) was obtained from
(1-4); it shows the following characteristics: Chemotronics International, Inc., Ann Arbor, Mich. The

Two separate discharge (and charge) steps are e " -alumina tubes with a-alumina headers were
observed in this cell. In the first, S(IV) is reduced manufactured by Ceramatec, Salt Lake City, Utah.
to S(0) according to the reaction

All electrochemical measurements were performed
discharge using a 16-channel MACCOR automatic battery test

4Na + SCIAlCl + 1.5AlClC a----A- S + 4NaAICI. (1) system including an IBM-compatible computer as the
charge Central Processing Unit.

The 9" -alumina tubes were vacuum-dried at 450'C
Open Circuit Voltage (OCV)= 4.35 V for at least 5 days prior to use. Cells were assembled

in the dry box under an inert atmrosphere.
and in the second, elemental sulfur is reduced to a

complexed sulfide according to the reaction Results and Discussion

discharE 1) Materials cuTpatihility
2Na + S + NaAlCI 4  . . NaAlSCl, + 2NaCl (2)

charge The cells were constructed from 304 Stainless

Steel which is known to be compatible with molten
Open Circuit Voltage(OCV)= 2.75 V sodium(6). The melt and its vapors are very aggressive

chemically and hence the studies of their effects on
stainless steel and on materials used to construct the
cell (in particular the seal assembly) were performed.
Both static and dynamic .cffatibility studies were
conducted. Dynamic compatibility was determined after
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materials had been used in cells during
change/discharge cycling. Static matibility of to a cutoff voltage of 3.0 V or lower, depending on
materials (304 Stainless SteelNickel 200) was the discharge rate.
determined by measuring the weight loss of coupons Typi( charge/discharge curves and OCVs for
(size lx2cm, thickness 0.15cm,0.0787cm for stainless three cycle5 are shkwn in Figure 2.
steel,respectively) after their immersion in the melts
for different periods of time (up to one year) at
2300C.

Results showed that in a slightly acidic melt
containing SCl ,nickel and stainless steel show a
very small weight loss. In a highly acidic melt (65/35
mole% AlCl /Natl) containing SCIIAlCl a significant ,.
loss in weight was observed for stainless steel; the
loss was much less for nickel. The results show that 4,1,
the weight loss for nickel is 31.3mg/ai` after 1 year 44
which cor to a depth of petration of .> ,w .M
35.2x10cm. namic experiments wi
tungsten as well as RVC are quite inert with respect
to Cl 3AlCl4 . Coiled tu ten wire has been used asthe •oMitive current collector in laboratory Na/8"-
alumina/S(IV) cells for long periods of time(17
months) without any apparent attack by the sulfur 3-

counds 0 's 2 2 35

Therefore, the compatibility of tunsten-coated Al
nickel cou.Pns (size lamt2amc 0.0787an thickness;W
coating thicknesses of 19.8,um,26.6,um,and 32.0km,
respectively) in highly acidic melts containing
sulfur(IV) was carried out for 5 months at 2300C. It - " C5O

was observed that W coating remained intact and no
tungsten was detected in the melt after 5 momths.
2 al design Figure 2 Full Charge/Discharge

Curves for the Cell MC-07

Several engineering cells were designed and
constructed. In order to minimize the corrosion of the
metal compcnents by the chemicals in the cathode
compartment an inside/out cell design was adopted, with
the sodium outside the 9"-alumina tube. The main
disadvantage of the cells with this configuration is Cpen circuit voltage for the Na/9" -alumiina/S(IV)
that their capacity is limited by the size of the Ell- chloroaluminate cell is a function of the state of
alumina tube. An engineering cell consisted of the charge. It was observed(Table 1) that the OCV of a
positive mix inside a 9"-alumina tube which was fully charged cell is >4.2 V.
equipped with an &-alumina header to seal and
electrically insulate the sodium and the melt Table 1
compartments. The negative cotpartm•at (anode) was a
stainless steel tube containing sodium. Both Cpen Circuit Voltage vs. State of Charge for the Cell
compartments were sealed employing either compression MC-02
type of seals (with a bolted flange or with disc ---------------------------------------------------
springs) or a brazed seal. A coiled tungsten wire was Cycle # . OCV (V)
used as the positive current collector. Figure 1 shows ----------------------- M .............................
the cell design with disc springs. State of charge(%)

0 20 40 60 80 100
T*op washer 57 3.819 4.040 4.134 4.178 4.207
W e-nhd 405 3.810 4.050 4.136 4.179 4.212 4.308

DiscsprngsHowever, it was also observed that the resistance of
Topcoerthese cells increased with cyl' Figure 3 showsdepe-menece of the charge and the discharge resistances

of three cells (MC-06, MC-07, and GC-09) an cycle
number. Difference between the apen circuit voltage
and the closed circuit voltage divided by the current

233cm 7 Tungstenwre gave the cell resistance at the particular state of
charge. The values for cell resistance obtained at
different state of charge (and discharge) were used to
determine the average cell resistance curing charge
(and discharge).

Figure 1 Cell Design with Disc Springs

Brazed seal (metal/ceramic) consisted of an
alumina header in which a Kovar ring was bonded to the
outer diameter of the header and a nickel (Kovar) ring
was bonded to the inner diameter of the header.

3) C1V-xa g/diecag perfra

Cell capacity ranged from 1.0 to 1.7 Ah. Melt
camposition(for discharged cells) for majority of
cells was slightly acidic (50.4/49.6 mole%
AICI 3/NaCl) . Working temperature was 2300C. Only the
first discharge step (reduction of S(IV) to S(0)) was
studied. These cells were charged in the range of 40-
90% of the theoretical capacity, and discharged deeply
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Cell WC-06. The charge/discr studies showed a
, .... "relatively low decrease in capacity with cyling. For

example, for one cell 8% decrease in capacity after
128 cycles and 20% decrease after 571 cycles,were
observed. The observed decrease in the cell capacity
is expected from the reaction of sulfur ccpounds with

- the top flange. Post mortem analysis of the cells
showed the presence of metals (Fe,Ni) in the melt as
well as of sulfur and chlorine on the lower surface of

.-- the top cover. Most of the charge/discharge results
11 C-= Z" were obtained with the engineering cells whichS2÷ eaployed cuMression type of seals. However, cells
T with a brad seal were also const ructed and their

performance was evaluated. Cell resistance for these
o-ellsbegan to increase much earlier than for other

__cells. It was observed that the cells developed a leak"0 , 0 3 W GM 700 IM n OC on the melt side. The cells with brazed seal employed
Cyc NMstandard materials with no additional surface

protection (e.g. tungsten coating); the seal appeared
- .• to be affected by the cathode materials. Results of

uc,.n, .o,, the studies with cells utilizing stainless steel and
nickel show that these materials are less compatible

Figure 3 Dependence of the chathan what was indicated by the static compatibilitytheurescharge Resistancesaof studies.
the Dischage Resistances of All cells with fractured 8"-alumina will show
the09 on C ylls Number MC-zero resistance. We studied several low •city cells
GC-09 n Cycle Nu . wwhere the fracture of E"-alumina caused only a small

temperature increase (500C). Normally, short-circuiting
From Figure 3 it is clear that Cell GC-09 has a of a cell will not result in cell failure. Deep-

lower resistance which increased only slightly with discharge and overcharge, and freeze-thaw also had no
cyclin 9 . This cell was a laboratory cell used for effect on cell performance. This aplies to both
coiparison with the engineering cells; it employed a engineering cells and laboratory cells.
91"-alumina tube from the same batch as cells MC-06 and For the cells that eployed= compatible
MC-07. Generally, the cell resistance could be affected materials (laboratory cells) it was obeerved (for
by a number of factors. For example, Table 2 presents exa. le, for Cell GC-29 in Figure 4) that with
average laboratory cell resistance during the first continued cycling the cell resistance remained
100 cycles as a function of current collectors, essentially constant, between 4.5 and 59acu,until the
initial melt composition, and P." -alumina treatment cell underwent more than 2900 cycles.
prior to cell assembly.

Table 2

Average Laboratory Cell Resistance for Several Current l

Collectors, Initial Melt Composition, and 9" -Alumina
Treatment During the first 100 Cycles - -.

Cell Current collector Initial melt Cell
resistance (Dar?)

GC-04'(1  W-coil acidic 59
GC-15 W-coil basic 32.5
GC-19 RVC basic 10.5
GC-06" W-coil acidic 31
GC-10" W-coil acidic 30.5
GC-28 RVC basic 7.4
GC-09(2) W-coil acidic 8.8 2•
GC-29(2)" W-coil basic 4.9

9"-alumina tube lead acetate treated. Cyl Number
W) without oxygen-getter in the sodium electrode.

(2) New 11"-alumina tube.
"" First 1000 cycles.

From Table 2 it is clear that the cell with the RVC Figure 4 Dependence of the Charge and

current collector has three times lower resistance the Discharge Resistances of
than the one with the tungsten coil. Also, of the two the Cell GC-29 on Cycle
identical cells the one containing initially a basic Nu r.
melt shows = 50% lower resistance than the one
containing an acidic melt.

The laboratory cells contain mainly moisture as
an impurity. However, for engineering cells, in
addition to moisture, other impurities (e.g. Fe, Cr, Figure 5 shows the effect of overcharge and high
Ni from stainless steel) can be generated by the current density on the cell resistance. The results
reaction between the vapors of the melt containing show that the cell overcharge had no effect on the
sulfur(I) and the top flange or the nickel gasket cell resistance. This cell was frozen four times
during charge/discharge and introduced into the melt. (during cycles #64,1025,2770,and 2841). The freeze-
For example, the cell resistance for the cell MC-06 thaw had only a negligible effect on the cell
increased rapidly with cycling mainly due to the above resistance. The maximum current density passed
mentioned reaction in which components of the steel through this cell was 0. 55A/cm?.
flange (Fe) were introduced into the melt causing an
increase in resistance. However,for the cell MC-07,in
which the top flange was nickel coated, the cell
resistance increased much slower with cycling than for
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Two types of high energy cells Na/S(IV) in
AICI 3/NaCl can be built depending on the melt
composition in the totally disa state

I) cells that operate almcst
exclusively in acidic melts

S4- II) cells that operate partly in basic
and partly in acidic melts."• - Type II cells can achieve significantly higher capacity

than Type I cells. Type II cells contain an excess of
sulfur, .therefore the sulfur in the cathode compartment
is only partly oxidized. The capacity density of theseS• •- • ... ..•cells can be as high as 0.253Ah/cr? while tor Type I
cells capacity density is limited to -0. 164Ah/an3 . Hence
overcharge ot such a cell causes oxidation of excess

- sulfur. The useful energy density of the cathode
compartment for Type II cell is 80% greater compared to
the standard cell (S/Al=0.14). Both Type I and Type II
laboratory cells were built and operated. Their
charge/discharge efficiency has been 99%. The average
OCV of a Type I cell was slightly higher than the= = um 3= average OCV of a Type II cell. On the other hand theC Ncell resistance for Type II cell is hi!her than for Type
I cell, Type I cell achieved a resistance (5.806c?)
which was comparable to other previously studied cells.

Figure 5 Effect of Overcharge and High
Current Densities cn theCRre sistanceofties onll G Engineering cells Na/91" -alumina/S (IV) in AlCl 3/NaCl
Resistance of the Cell GC-29. melts have been designed and their performance tested.

Two types of seal design were utilized: 1) with
comression seal, 2) with brazed seal. Materials
compatibility studies were also performed. High capacity
cells were constructed and their electrochemical
characteristics determined as well.

It was letermined that both stainless steel and
nickel are actacked by the cathode mix with time. The
stainless steel is attacked more readily than nickel.A plot of power delivered vs. current density is However, tungsten and RVC are compatible with theshown in Figure 6. cathode mix. Tungsten coating can be utilized for the
protection of nickel and stainless steel.

4 Charge/discharge studies have shown that the cell
resistance increases with cycling due to the

35- introduction of impurities (Fe, Ni). However,the cell
a t. Tresistance in laboratory cells is not affected for

20 thousands of cycles. The lowest resistance obtained for
3. one cell was 4.50cm2 while the maximum discharge current

passed through this cell was 0.55A/cmr. The maximum
25ý power delivered was 22.5W at 0.40A/c&2 . Capacity density

of high energy cells can be as high as 0.253Ah/can.
Finally, based on above results it appears that the

2 cell Na/1•"-alumina/S(IV) in AlCl 3/NaCl melt can meet
requirements for applications in electric vehicles.

This work was supported by the Air Force Systems
Command, Wright Laboratory, Wright-Patterson AFB, Ohio

o5ý 45433-6563, through a Phase II SBIR Contract (Contract
No. F33615-88-C-2912).
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SODIUM-SULFUR CELL TESTING

James A. DeGruson
Advanced Systems Operation

Eagle-Picher Industries, Inc.
C & Porter Streets

Joplin, Missouri 64802

Introduction charge data and the bottom line is the discharge data. The
Eagle-Picher Industries, Inc. (EPI) has been actively resistance is shown in milliohms. The graph depicts the cells

involved in the development of Sodium-Sulfur technology in the discharge mode at the left, follo-ved by an open-circuit
since 1986. During this time the cell technology has mode for thirty minutes and then the charge regime.
improved and evolved significantly to the point that complete
battery systems are being tested. Most of the effort has been 2, S,,TO, 2 - C12 7,'"5

directed toward aerospace applications, however, the
technology learned is directly applicable to terrestrial uses. 2.0,

The specific energy achieved for single cells is in excess of
150 W-h/kg. Detailed herein is a brief description of cell and -,_14
battery construction followed by cell and battery test results 1
showing the advancement of Sodium-Sulfur technology.

ACell Construction -
All cells are of the central sodium design meaning that . ,

the cathode container has to resist the corrosiveness of the ,2 1 S

sodium polysulfides. Container designs utilized have T. (SEC)

employed either molybdenum or stainless steel with chrome , 0 ,* 34.. 1Wt- '1. 6
W."lm Wa'sm - Last: AP~t A- Watt- Awa. MNg. Lot QCV A•

patin. The stainless steel containers have dem onstrated over ,o3 • 402ý $.3 VOLT 2.o 5•s ,, . x3 .,

12,000 cycles and the molybdenum containers will cycle Cyc, 252 35.00 KA 1.7 0 23.25 3.5 43.1 357 370 01.9 5.73
440-12 57.50 VOLT 2.508 23.90 24.94 53.1 349 361 2.073

indefinitely. c, 252 35.00 , 1.,2 23.25 39.8 3.0 355 364 01.0 ,.,,
Cell sizes have ranged from 10 Ah through 55 Ah with , 57.e v25 3o 03.77 24.3 3 53.2 353 362 2.07 .

Cy~l 25 IS.0 M 1.7"/ 3. 4 .05 43.1 319 369 81.0 .6

emphasis on 40 and 55 Ab sizes. Cell designs have 5 40-24 57.33 VL 2.5•2 23.4 24.95- 5.9 30 362 2.073

incorporated various build parameters which insure proper Cycl 252 35.00 KA 1.775 23.25 39.8% 43.0 357 370 81.3 5.71

cathode mixing and sodium availability at the zero g Figure 1. Typical print-out of cell summary test data.
environment of a spacecraft.

Of particular importance to the design of a Sodium-
Sulfur battery is consistent cell performance. This is Cell Test Data
accomplished by controlling the construction of the cell and Figure 1 shows the test data for 4 cells on cycle 252 being
its components. The f8" - A120 3 electrolyte tubes have been charged at a constant current of 25 amps to a cut-off voltage
investigated extensively'. The development efforts have of 2.5 volts. The test equipment is set to bypass each cell
contributed significantly to EPI's understanding of the whenever it reaches this cut-off voltage or a specified time.
electrolyte attributes necessary to ensure that performance All four cells of figure 1 reached the cut-off voltage at

goals are achieved by the completed cell. The electrolyte approximately the same time resulting in an average of 23.8
inspection techniques incorporated in the EPI Sodium-Sulfur Ah per cell. Figure 2 shows the test results for the same four
cell manufacturing process include destructive and cells on the next cycle (253) with a constant potential charge
nondestructive tests. The end result of the manufacturing averaging 21.5 amps to a cut-off voltage of 2.5 volts. With
control is very consistent cell performance. the constant potential charge none of the four cells reached

Cell Performance the cut-off voltage and the charge was terminated by time (70
Test Equipment Setup minutes). This resulted in approximately 5% more capacity

being returned to the cells (25.1 Ah versus 23.8 Ah).
The cycling regime and data acquisition are computer With both types of charge reflected in figures 1 and 2,

controlled for all testing. The temperature is monitored by the cell to cell variation was very small. This has been
the tester but is controlled by temperature controllers with demonstrated in larger groupings of cells tested at EPI and is
back-up temperature protect circuitry. The cells are very important for battery construction2.
connected to the Data Acquisition System (DAS) via a The 40 Ah size cell has been evaluated at EPI over a
voltage lead and a minimum of one thermocouple. During wide range of discharge/charge rates with the performance
cycling the computer/DAS will scan the cells at 10 second continuously being improved. Figure 3 shows cell voltage
intervals to determine if any cells are falling out of the versus state-of-charge over discharge rates from 10 amps
current, voltage or temperature limits. Figure 1 shows a through 40 amps in 5 amp increments. Since the cell
typical print-out of the information summarizing a test cycle performance has proven to be very stable, reproducible, and
for four (40 A h)cells. Below the graph in Figure 1, two lines consistent; EPI initiated work on various battery designs in
of information per cell are printed. The upper line reflects the 1990. This work has been accomplished on internal funding
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in Figure 4) were used to run the electrical, thermocouple,
_... . and heater power wires. Due to heat loss through this

--.- 'a..5,__..0 arrangement, the tubes were replaced with connectors.

L .44 42/570

A - - -

0.96 28/380-

0.48 14/190

1!I0E (SFC).
3. 1- . .•-5 0

Figure 2. Discharge, open-circuit, and charge profile offour

40 Ah cells (constant voltage charge).

and to facilitate time and cost, the battery constructed has

been limited to designs utilizing four-cells.

40 AH CELL PERFORMANCE
VOLTAGE VS STATE-OF-CHARGE

CEL VOLTS 
Figure 4. Four cell battery without the insuiated enclosure.

25, i

24,- •The thermal enclosure consisted of a perforated right
32•

' 22-. 
cylindrical frame surrounded by 100 continuous wraps of
multifoil insulation. These wraps are flush with the top of the

20- inner shell with 100 layers of multifoil then placed on top to

6-I F form the "roof'. A stainless steel cover was placed on top of
N..,.the inner frame and multifoil. The center of the covei had a

vacuum connector welded to the top. This allowed

_ _ 
monitoring of the vacuum and also allowed varying the

00 100 o60 200 28.0 320 400 vacuum to change the thermal transfer qualities of the
AMPERE HOURS REMOVED • enclosure. Table 4 shows the heat loss changing with respect

, -o 404 ,to the amount of vacuum.

Figure 3. Cell performance at different discharge rates. Table 1. Battery neat loss data (multifoid insulation).

Battery Construction Temp ( 0C) Vacuum (millitorr) Heat Loss (watts)

The battery construction consists of two main parts. 300 none 43.77

The first is the cell mounting with electrical and temperature 300 100 16.27

monitoring connections. The second part is the overall 300 190 15.83

enclosure with heaters and thermal insulation. As shown in 400 none 69.83

Figure 4, the cells were built with a flange on the opposite 400 140 24.80

end of the header This flange was bolted to a ceramic plate

that was immediately on top of the heater., The header end of The bottom assembly consisted of 75 layers of multifoil

the cell was constructed with a threaded fill tube which also insulation with a top layering of heavier multifoil (15 sheets).

served as the negative terminal. Each cell was fitted with The interface of the bottom and top cylinder were gasketed

three thermoccuples to assess the thermal trcnsfer within the and bolted together. This allowed easy access to make

battery enclosure. Each of these thermocouples was secured modifications to any internal battery components. A number

with a hose clamp, of different insulation materials and heaters were evaluated in

In addition to the twelve cell thermocouples, three battery the bottom of the battery. Figure 5 shows the thermal

thermocouples were attached within the insulated enclosure, enclosure with the battery and the test panel. The thermal

The temperatures throughout the battery were consistent with enclosure was made large enough to evaluate cells np to 100

no heat concentrations in any one area. Initially t'ibes (shown Ah capacity.
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mentioned that during the 1000 cycles, no conditioning cycles
were used to revive any cells.

During the 100 minute cycles, the heater input was
monitored. The test was initiated at 325°C internally and the
heating from discharge was such that no additional heat input
from the heater was necessary. The internal temperature
approached 400TC during discharge and during charge the
"temperature dropped back to approximately the 325°C initial
temperature. Thus, no heat input was required during the
charge part of the cycling regime either. With a variable
thermal container, a wide flexibility in rates of discharge are
possible. With a fixed amount of thermal insulation and no
mechanism for cooling, the Sodium-Sulfur battery's rate of
discharge is restrictively dependent upon the thermal
conductivity of the battery container.

Conclusion
Thermal management is very important for Sodium-

Figure 5. Four cell battery connected to test equipment and Sulfur batteries but the cells have proven to be very resistant

thermal enclosure removed. to conditions imposed upon them within a battery. AN
electrical and thermal test results show that Sodium-Sulfur

Battery Performance batteries can provide major improvements in spacecraft power

Several four-cell batteries have been built. The first system weight and volume requirements. Additional testing

battery built did not have a variable vacuum system related to the spacecraft's' environmental effects are needed

incorporated into the container and the highest discharge rate but the low cost of the Sodium-Sulfur battery is an extra

achieved was 40 amps (C rate). Higher discharge rates incentive for replacing currently used Nickel-Cadmium and

resulted in the internal temperature exceeding the upper limit Nickel-Hydrogen batteries.

of 400'C.
The battery shown in Figure 4 was discharged to 60%

depth of discharge (DOD) for 1000 cycles with no loss in References
capacity. Each cycle consisted of a discharge of 48 amps for
.5 hours and a charge of 24 amps for 70 minutes. A constant 1 L. A. Addington, et al., "Fabrication and Testing of
current charge was used and rather than stopping the charge at Beta"-Alumina Electrolyte Assemblies," Proceedings
a battery voltage of 10 volts, the charge was stopped when of the 35th International Power Sources Symposium,
any one cell reached 2.5 volts. This meant that 3 of the 4 pp. 391-394, 1992.
cells were not necessarily charged to their fullest capacity and
after iterative cycles could be losing capacity. However the 2 J. L. Sudworth and A. R. Tilley, The Sodium Sulfur
cells performed very consistently and after 1000 cycles, full Battery, London: Chapman and Hall, Ltd., 1985, ch
capacity of the battery was still available. It should be 11, pp 349-355.
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LITHIUMIBORON ALLOY AS AN ANODE MATERIAL
IN PRIMARY OXYHALIDE CELLS

Michael F. Pyszczek and Esther Sans Takeuchi
Wilson Greatbatch Ltd., Clarence, NY

Much work has been done in the evaluation and (-Li7 B6 ). The material was quite malleable, and
development of lithium alloys for electrochemical demonstrated handling characteristics similar to pure
applications. While the focus of earlier efforts had been lithium metal. Spirally wound D size test cells were
largely in the area of molten salt thermal cells, other constructed using the U-B alloy, along with control cells
studies have explored the use of alloys in both primary employing pure lithium. BCX depolarizer, consisting of
and rechargeable lithium systems. SOCI2 with dissolved BrCl and 1.13M UAICI4 , was used

throughout the experiment. The cell design yielded an
The investigation of lithium-boron alloys in electrochemical surface area of 223 cm2. Cell testing was
electrochemical cells is believed to have begun in 1972 at performed under both constant resistive load and pulse
the Naval Surface Weapons Center where the alloy discharge conditions. Temperature effects on cell
evolved from research in high-strength structural performance were evaluated for each series of tests. For
materials.1  Subsequent to this initial report which the pulse testing, the SARSAT regime, consisting of a
described the properties of the alloy as an anode in 5OmA background load with 2A, 0.5 sec. pulses applied at
molten LiCI/KCI eutectic electrolyte, a more complete 50 sec. intervals was used.
analysis of lithium-boron systems was offered by Dallek et
al. 2 and James and DeVries. 3.4 Mixtures ranging from Resuls
50-90 atomic percent lithium were studied by differential
scanning calorimetry2 , and results suggested that at high Constant Resistance Dischare
lithium concentrations, a two-phase material comprising
Li7B6 and pure lithium existed. 4 The high lithium alloys Cells were discharged through resistive loads of 1, 5, 20,
were found to be malleable and thermally stable to 75, and 3010 under room temperature conditions. Figure
temperatures approaching 6000C. Szwarc et al.5 further 1 presents a performance comparison of the Li-B cells vs.
studied the use of lithium-boron alloys in thermal cells and the lithium anode samples.
described the properties of the alloy at thermal battery
operating temperatures as being that of liquid lithium Figure 1.
immobilized by a porous Li7B6 matrix. capacity vs. Rate Comparison of LI and L.B Alloy uCX D Cells.

The high thermal stability of lithium-boron alloys suggests 14
that it may be possible to develop primary cells with
enhanced safety characteristics and reasonable 12
discharge performance. Holmes 6 explored the use of a 10
68 weight percent alloy in MnO 2 cells utilizing a PC/DME
electrolyte. Although the alloy displayed reasonable e
discharge performance, it was found to generate a highly a

pyrophoric discharge product. The anode remains
reportedly auto-ignited in air, thus severely limiting the 4 UhI_ lm-i
potential of this system. LA = I
Wilson Greatbatch Limited, in conjunction with NASA, has .01 .1 Rate (Amperes) 1"o

studied the use of lithium-boron alloys in Li/BCX primary
cells. The use of an inorganic electrolyte system was This plot reveals that the U-B alloy cells deliver only -50%
thought to offer the potential of increased cell safety while of the capacity provided by the control group cells. Based
avoiding the production of pyrophoric discharge products on the average anode mass present in each cell, the
associated with the use of an organic electrolyte. Efforts results here indicate a 57% utilization of the lithium
included an examination of the reactivity of the Li-B incorporated in the Ui7B8 alloy.
anode, and safety and performance evaluation of spirally
wound D cells utilizing the alloy as a negative electrode. Further evaluation was performed by discharging cells

through a range of temperatures from 50 to -550C under aSconstant 112 load. Results expressed as a plot of

The lithium-boron alloy i -d during this investigation was temperature vs. delivered capacity appear in Figure 2.

obtained from Cyprus Foote Mineral Company.
Compositions ranged from 43 to 44 weight percent lithium
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Figure L
Capacity vs. Tempartum Compauleon FIgure 4.
dt LI end Ul11 Alley MCX D Ceil. LI-UJUCX ischarp at 10, 0C

44

o U

1' '

-60 -40 *2 0 20 40 60
Temperalure (-C)

The expected relationship between capacity and 0 2 6 a

temperature is displayed by the curve depicting lithium Capacity (Ahrs)

anode performance. The alloy, however, provides When compared with the Li/BOX curve (Figure 5)
relatively consistent capacity values throughout the range
of temperatures. Noteworthy is the observation that as the gathered under the same discharge conditions, it is
performance of standard Li/BCX diminishes at -400C and apparent that a running voltage comparison may paint
below, the alloy-containing cells actually provide better only a partial picture of actual cell performance.
capacity. Figure S.

L/BCX Discharge at 10, O°C.
Additional information regarding the variable temperature
performance of these systems is offered as voltage vs.
temperature comparisons in Figure 3.

Figure 3.
Voltage vs. Tempetature Comparison U

od LI and LI/B Alloy BCX C Cells.
3.2>

32 IliUhm anmde>

o 3,0
USM

2.0-

S Capacity (Ahrs)

> It should be noted that the shape of the Li-B anode curve

(Figure 4), showing a step-wise discharge, is consistent
26. with the findings of Larrick I when the alloy was employed

25 in a molten electrolyte cell.
-60 -40 -20 0 20 40 60

Temperature (VC) Pulse Discharge Testing

The discharge temperature sensitivity of the Li-B anode Pulse testing was performed on both Li-B alloy-containing
cells is again demonstrated in this plot. At O0C and below test cells and BCX D control cells according to the
the Li-B cells provide a small voltage improvement over SARSAT regime described previously. A range of
the control group, with voltage decreasing quickly as temperatures from 50 to -550C were also employed during
temperature increases. Examination of voltage at half this phase of the evaluation. The plot of temperature vs.
capacity may be misleading due to the shape of the Li-B time to the 1.5V cutoff shown in Figure 6 summarizes the
alloy discharge curve. Figure 4 represents the discharge results of the pulse evaluations.
profile for the O0C discharge at 1t, and clearly illustrates
the sloping curve characteristic of these cells.
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PIaolau ce Comprlon of LI vs. LI/B Alloy
BCX 0 Clls Under SARSAT PuIu Reglime. The authors gratefully acknowledge the support of NASA
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valuable technical assistance.
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cells were disassembled after discharge and examined.
Anodes extracted from these cells failed to react in air at
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water induced activity similar but slightly less vigorous
than that of pure lithium. Upon exposure of the depleted
Li-B alloy anode to a direct flame, the remaining lithium
was consumed, but the residue, presumably boron, failed
to burn further.

Conclusions

Although the U-B alloy demonstrated performance equal
or better than Li/BCX cells at temperatures below -200 C,
capacity degraded rapidly with increasing temperature.
This, along with the sloping discharge profile, suggests
that the Li7B6 alloy is not suitable as a direct replacement

for lithium in primary oxyhalide cells: Safety aspects of
cells containing the alloy do not appear to differ
appreciably from standard lithium-containing samples. In
contrast to previous work in organic electrolyte systems,
the residue present at the anode after discharge in an
oxyhalide system does not appear to be pyrophoric.
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SELF.DISCHARGE RATE OF
LITHIUM THIONYL-CHLA)RIDE CELLS

Wendy R Cieslak
Sandia National Laboratories

Exploratory Batteries Department 2223
Albuquerque, New Mexico 87185-0614

Abstract

Our low-rate lithium/thionyl-chloride "D" cell is refluxed in the presence of Li for at least four hours.
required to provide power continuously for up to 10 The cathodes are dried in an oil-free vacuum system at
years. The cell was designed at Sandia National 1750C and 30 microns pressure for a minimum of 14
Laboratories and manufactured at Eagle-Picher hours. The remaining cell components are dried in a
Industries, Joplin, Missouri. We have conducted convection oven at 1400 C for >14 hours. Cells are
accelerated aging studies at elevated temperatures to assembled in a dry room of dew point less than -45*C
predict long-term performance of cells fabricated in and filled in an argon atmosphere glove box.
1992. Cells using L1M LiAICI4 electrolyte follow
Arrhenius kinetics with an activation energy of 14.6 The 304L stainless steel case is of welded
Kcal/mol. This results in an annual capacity loss to self- construction and uses a glass-to-metal seal of CABAL-12
discharge of 0.13 Ah at 25 0C. Cells using a 1.OM glass, which is highly resistant to corrosion by Li.4 The
LiAICI4*SO2 electrolyte do not follow Arrhenius vent mechanism is a 300 psi rupture pressure burst disc
behavior. The performance of aged cells from an earlier manufactured by BS&B Safety Systems. Inc.. The disc
fabrication lot is variable, operates on a frustum reverse buckling principle, and,

as the metal buckles, it tears a score line to open a 3/8"
Introduction diameter hole.

Sandia National Laboratories designs cells and Acceerted[•g
batteries for high reliability weapons applications. Our
low-rate lithium/thionyl-chloride "D" cell is required to We accelerated the self-discharge reactions by
provide power continuously for up to 10 years. The cell aging cells in ovens at temperatures from 30'C to 60*C
was designed at Sandia and manufactured at Eagle- for 63 weeks. At the end of the aging period, each cell
Picher Industries, Joplin, Missouri. We have previously was discharged at 25°C under a 500 load. The capacity
presented data demonstrating the excellent safety loss was calculated as the difference between the fresh
performance of this design. 1 In this work, we present cell capacity, from the average of 12 tests, and the
the results of accelerated aging studies that predict capacity of the aged cell.
long-term cell performance. Baseline Cells: LOM LiAIC4 ltrol

A plot of the logarithm of the capacity loss versus
The active surface area is 145 cm 2 . The cathode is the inverse of the aging temperature yields a linear

made up of two 0.9 mm thick parts lying together and relationship, Figure 1. This indicates a thermally
acting as a single electrode. This allows the parts to activated process (Arrhenius kinetics) as expressed by
slide upon one another while rolling the short, squat the formula:5

spiral stack. In addition, the outer wrap is only single
thickness, thereby fully utilizing all components. The C (t, T) = Co - koteE/lRr
cathode uses a 50/50 Shawinigan Acetylene Black/Cabot
Black Pearls blend that we have described previously.2  C(t, T) is the capacity loss at time "t" and
The separator is a Whatman binder-free borosilicate temperature "T", and the capacity loss at t=0 is defined
glass fiber mat.3 We use IM LiAICI4 electrolyte, and, in as Co = 0. The other parameters are obtained from the
this study, we evaluate S02 as an electrolyte additive to least squares fit to the data as shown in Figure 1.
mitigate voltage delay. The theoretical capacity of Substituting these parameters in the general equation
electrolyte in the cell is 19.3 Ah, and the theoretical Li results in the following relationship:
capacity is 17.6 Ah. At discharge rates of 210 mA, the
cell capacity is limited by the capability of the carbon C (63 weeks, T) = (7.719 x 109)e(-7339-2rT)
cathode to accommodate discharge products. The
presence of excess electrolyte is maintained for safety The value for E/R = 7339.2 and, using R = 1.987
purposes, i.e. to insure that the cell can never run dry. calf0K-mol, the activation energy E = 14.6 kcal/mol.
The presence of excess Li may contribute to safety, Activation energies for batteries generally fall in the
particularly during over discharge, because it maintains range of 5 to 15 kcal/mol.5 Therefore, the capacity loss
a stable electrode potential. It may also contribute to in these cells shows a relatively strong dependence on
retention of capacity during long life usage because the temperature. The calculated rate of capacity loss and
cell can afford to lose some Li as a result of corrosion. the " ration factor as a function of temperature

(aF linear dependence on aging time) are
To achieve long life, care is taken to purify and dry tab )elow:

all parts as well as is practical. The electrolyte is
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TABLE I1 ________

Temperature Loss, Ah/year Acceleration
Factor Prototype lots were built at Eagle-Picher under the

25 °C 0.13 1 direction of David Miller and Tim Counts. Cells were
30 OC 0.19 1.5 tested at Sandia by Leo Griego. This work, performed at
40 0 0.42 3.3 Sandia National Laboratories, was supported by the

40.68 6.7 United States Department of Energy under contract no.50 C0.68 6.7 DE-AC04-94AL85000.
60 OTC 1.71 13.3

Electrolyte Variation: S0 Additive

(1) Cieslak, W. R. and Street, H. K., Safety and
Cells from the same lot were activated using 1 M Performance of a Long Life Lithium-Thionyl

LiAICl4*S02 electrolyte and tested in the same manner Chloride Battery, Proc. Eighth Annual Battery
as the cells without the S02 additive. The fresh cell Conference on Annlications and Advances, Long
capacity, standard deviation, and average discharge Beach, CA, January 12 - 14, 1993, Paper #V-7.
voltage were unchanged from the baseline cells. After (2) Cieslak, W. R. and Street, H. K., Development of a
aging, the cells containing S02 showed a great Moderate Rate Lithium / Thionyl Chloride 'D" Cell,
variability in their behavior, especially at the higher Proc. 34th International Power Sources
aging temperatures. For example, one cell aged at 500 C S .mnosum, Cherry Hill, NJ, June 25 - 28, 1990,
delivered almost no useful capacity, while another pp. 255- 258.
delivered more than 14 Ah. The Arrhenius plot, Figure (3) Cieslak, W. R., Compatibility and Performance of
2, shows these two populations of data in comparison to Separators in Li/SOCI2 Cells, Proc. 33rd
the baseline cells. The cells containing S02 did not International Power Sources Symposium, Cherry
behave according to a simple thermally activated Hill, NJ, June 13 - 16, 1988, pp. 233 - 239.
process. Instead, some of the cells aged very well, even (4) Watkins, R. D., et al., Technology Transfer of
better than the baseline cells, while others experienced a CABAL-12 Glass to Support the Fabrication of the
much higher rate of self discharge. We believe that S02 MC4050 Power Supply, Sandia Renort SAND88-
in the electrolyte inhibits growth of the passive film on 0498, Printed October 1988, available from
the anode, as measured by complex impedance National Technical Information Service.
analysis.6 While this effect helps to minimize voltage (5) Bro, P. and Levy, S. C., Reliability Modeling and
delay, it may also allow a higher rate of self-discharge to Accelerated Kinetics, Quality and Reliability
continue. We do not understand why only some of the Methods for Primary Batteries, 1990, John Wiley &
cells experience the higher self-discharge. Sons, Inc., NY, Chapter 10, pp. 127 - 144.

(6) Delnick, F. M. and Baldwin, A. R., Voltage Delay in
Earlier Cells: 1990 Lot Li / SOC12 Cells for Artillery Applications at -35 qC,

Proc. 34th International Power Sources
We also compared cells built in 1990 with those Symposium, Cherry Hill, NJ, June 25 - 28, 1990,

built in 1992. Data from 1990 lot cells tested in the pp. 215 - 218.
same manner as described above are superimposed on
the 1990 lot data, Figure 3. Note th - 1990 lot data
points show much greater scatter, ' their average
falls very close to the 1992 lot c tie newer lot
implemented improvements in Abon cathode
fabrication and drying procedures and electrolyte
purification techniques, for example, vacuum-drying and
refluxing. These changes have substantially increased
the cell-to-cell reproducibility.

Summ=
We have demonstrated that our baseline 1992 lot

cells undergo a self-discharge loss of 0.13 Ah/year at an
average temperature of 25 0C. The self-discharge
reaction is thermally activated, i.e. it follows Arrhenius
kinetics. This behavior implies that the mechanism(s) of
self-discharge do not change over the temperature range
studied. Therefore, elevated temperature aging provides
a rapid means of predicting the self-discharge losses for
long-term applications. The cause of high variability in
self-discharge rate for the cells containing LiAICI4*SO2
electrolyte was not determined. Cells produced in 1992
have smaller variability than those produced in 1990
due to implementation of improved process controls.
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SNL-LR-D Cells
Eagle-Picher Lot #E92A01

10 A ed for 63 wks at 300C -60
0C

10.

00

CL
as Notes:

o Activation Energy 14.6 Kdal/moI
Fresh Cell Capacity;: 15.3 Ah, s =0.2 Ah

01 Capacity:Loss = 0.?9 Ah/y aý30-C ___

3 3.05 3.1 3.15 3.2 3.25 3.3 3.35

Temperature (1FF X 103)

Figure 1. Arrhenius Plot of Cells Activated with 1.0 M

LiAJCI4ISOCI 2 Electrolyte (Baseline).

SNL-LR-D Cells
Eagle-Picher Lot #E92A01

Aged for 63 wks at 300C - 600C
100-

[ With S02

XX

0 X

CO x

0.1

3 3.05 3.1 3.15 3.2 3.25 3.3 3.35

Temperature (1FF X 103)

Figure 2. Arrhenius Plot Comparing Cells Activated
with 1.0 M LiAlC14*SO2ISOCI2 Elertrolyte
to the Baseline Cells.
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SNL-LR-D Cells
Aged for 60 - 63 wks at 30 0C - 600C

10

++

0 +

CL)

0 19
-J

o 0.1

oo L, ot[
+ 1990 Lot

0.01 I I
3 3.05 3.1 3.15 3.2 3.25 3.3 3.35

Temperature (1/T x 103)

Figure 3. Arrhenius Plot Comparing the 1990 Lot Cells
to the 1992 Lot Baseline Cells.
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Long Life Remrve LI/SO1 2 Battery For Wide Area Mine
D.L. Miller, R.C. Sheldon, M.A. Manning

Eagle-Picher Industries, Inc.
C & Porter Street
Joplin, MO 64801

AbstractBattey Devement

A battery has been developed which can satisfy the normal The effort to develop a reserve lithium thionyl chloride battery to
reserve application requirements of long storage life and high satisfy the program requirements resulted in the battery design
current discharge while also providing long active life and high illustrated in Figure 3. The battery is essentially a 40 in.3

specific energy. The 3 pound, 40 in.3 battery was designed to cylinder that is 4.2 inches in diameter and 2.9 inches tall. It is
provide a maximum of seven months active life supporting nounted to the WAM unit by means of a 5.1 inch diameter .090
pulses of 3.75 amperes at voltages over 8.0 volts while exposed inch thick baseplate, which also contains the battery vent
to temperatures ranging from -35°F to +145°F. In this paper, the mechanism. Electrical connections for battery discharge and
battery design, including the novel design characteristic of igniter firing are made by four recessed terminal pins.
isolating individual cells while still using a common electrolyte
reservoir, will be presented. Also presented is data obtained
during environmental testing, both pre and post activation, as
well as performance data during various temperature cycles
during a seven month discharge and capacity data at select
temperatures.

Introduction

The subject battery was developed to supply power for the Wide
Area Mine (WAM) family of remote anti tank/vehicle munitions.
The battery was designed to withstand system deployment by
ground troops using various delivery methods.

The program Statement of Work contained the physical, electri- . .
cal, environmental and safety requirements. Figure 1 contains
a very abbreviated list of these requirements, the ones that were
considered to be "Design Drivers". Figure 2 presents the
various battery chemistry systems considered for use in battery Figure 3 WAM Platform Battery
development and estimates how well each would fulfill the
"design driver" requirements. Based upon this information, the
reserve lithium thionyl chloride (Li/SOCI2) system was chosen The basic internal design is illustrated in Figures 4 and 5. The
for the development program. battery contains four series connected horseshoe shaped cells

surrounding the cylindrical electrolyte reservoir. Cell electrical
Project Objective connections, venting mechanisms, and electrolyte distribution

To Deliver a Battery Capable of Meeting tubes are located in the ends of the cells (in the open horseshoe
the Requirements for WAM Platform Power area).

Design Drivers
20 Year Unactivated Life
Activation @ -25°F
7 Month Activated Life BATTERY CONTAINER

2.7 Pounds

38.7 Cubic Inches

Figure 1 Objective/Design Drivers VEN CHANNL

________WAM Req. Li/SOC12 Li-Afloy/FeS2 ZiVAgO4EECRLT
Storage Life 20 yrs 20 yrs 20 yrs 10 yrs DEUVR TUES

Activation @ -25°F Yes Yes Yes No

Activated Life 7 Months 7 Months 60 Minutes 24 Hours BATTERY CONTAINER

Watt HourafKG 171 171 26 23 COVER

WattafKG 42 42 60 200

Figure 2 Alternative Energy Sources for WAM Figure 4 WAM Battery Design
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Tremapollathon (49 CFR 173.185)
PISTON SQUIBI TERMINAL.Ssf

Dead Short Circuit
10 Ampere Short Circuit
Non-Activated Incineration
Activated Incineration

TUBE PINCHING NUB GAS GENERATOR Thermal Shock (-460C to 71°C)

N G Non-Activated Shock (600g 1.4 Ms)
_ ,RESERVOIR Activated Shock (1 500g .05 ms)

PISTON RING Loose Cargo Vibration
CAPTURE RIDGE- MAO (Activated and Non-Acti vated)

MAIFL Performance
RSSERVOIR Capacity (-32-C ,24-C .60°C)Mission Profile (Cold Cycle 210 days total)

Figure 5 WAM Reservoir Design Figure 7 Successfully Completed Tests

Battery activation is initiated by an electrical pulse applied to the
igniter which fires the gas generator. The expanding gas moves Test Results and Discussion
the piston which pressurizes the electrolyte in the reservoir,
breaks the containment burst diaphragm and then forces the Batteries were fabricated and subjected to safety, environmen-
electrolyte into the individual cells. The piston continues to tal, performance, and transportation tests. Figure 7 provides an
move until the leading nub enters the common manifold and abbreviated test summary listing.
seals the cell electrolyte distribution tubes. When the piston
reaches full travel, the lock ring expands into a mating groove in Safety testing of the battery design focused on the battery's
the reservoir wall, assuring that the distribution tubes remain response to short circuit and fire. Subjecting the activated
closed during the battery's active life and that the piston remains battery to external dead short circuit conditions resulted in an
locked in place during all required environmental conditions. open cell tab within 10 seconds. Subjecting the battery to an

external 10 ampere short circuit also typically results in an open
Safety concerns were addressed at all stages of cell and battery cell tab condition. When the inactivated battery was subjected
development. The efforts were focused on preventing cell and to an open flame, the battery activated, vented, and burned.
battery internal short circuits and providing mechanisms to Subjecting an activated battery to the same open flame condi-
control cell and battery responses to abuse conditions. Figure tions always resulted in the battery exploding. All results
6 provides a listing of safety features that were incorporated into obtained were within design expectations and were considered
the cell and battery designs. Measures utilized to greatly reduce acceptable.
the chance of internal cell short circuits included solid electrode
substrates (for burr reduction), over-sized separators, opti- Environmental testing consisted mainly of thermal shock to
mized component stack compression, internal baffles (to buffer non-activated batteries, drop shock tests of both activated and
electrolyte entry) and slag barriers (to prevent weld debris from non-activated batteries, and loose cargo vibration tests, also on
entering the cell stack). As a secondary mesure, a 100% cell both activated and non-activated batteries. The final battery
capacitance check, performed during vibration, was employed design was able to withstand all non-activated testing without
as a measure of design to actual production efficiency. Design premature activation or other damage. No activated battery
measures incorporated to control response to abuse conditions displayed any voltage fluctuations or any other adverse affect to
included the placement and sizing of both cell and battery vent the shock or vibration conditions.
mechanisms and the connecting vent channel.

Performance testing consisted of capacity and mission profile

Cell Level tests. Capacity tests included storage, activation, and dis-

Solid Electrode Substrates charge of batteries at -32o, 240 and 60°C. X-rays of the batteries

Oversized Separator were also obtained after activation to verify full piston travel and

Balanced Cells with Optimized Compression lock. At all three temperatures the batteries were able to meet

Electrolyte Baffle the required activation time limit (500 ms, maximum) between

Slag Barrier first voltage and 8.0 volts. Capacities of individual batteries

Venting Mechanism were obtained by discharging each battery at the appropriate

100% Screening (Capacitance) temperature at a constant 400 milliamperes. All batteries
delivered capacity in excess of the minimum requirement at

Battey Level each required temperature. Specific capacities obtained per

Equal Electrolyte Distribution test temperature are presented in Figure 8. Long term mission

Vent Mechanism profile tests were performed at the required cold and hot

100% Screening (Capacitance) deployment temperature cycles while the batteries were dis-
charged in accordance with the program power profile. This

Figure 6 Design Incorporated Safety Features profile included pulses at rates up to 7.5 millliamps per cm 2. One
battery was allowed to complete the entire 210 day test profile
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at the cold deployment cycle, after which it delivered 3.2 ampere
hours during a residual capacity test. The total capacity
delivered for this test was 13.0 ampere hours.

The transportation testing was performed in accordance with
section 173.185 of CFR 49. Four batteries were subjected to the
altitude, thermal stability, vibration, and shock testing per para-
graph H.3.ii. None of the batteries displayed any evidence of
outgassing, leakage, loss of weight or distortion.

Temperature (°C) Capacity (Avg.) Requirement (mrin.
-32 11.9 AH 11.0 AH
24 14.6 AH 14.0 AH
60 14.1 AH 13.0 AH

Figure 8 Capacity Test Summary

Conclusion

Eagle-Picher has designed and developed a reserve lithium
thionyl chloride battery that exhibits not only the long non-
activated shelf life typical of reserve batteries, but also has
demonstrated a 210 day activated discharge life fully capable of
supporting 7.5 milliamp/cm 2 pulses at any time during this active
life. Testing on this 3 pound, 40 in.3 battery has been completed
to demonstrate its capability to meet and exceed the transpor-
tation safety, environmental, and performance requirements of
the WAM program. Qualification testing and production have
been scheduled for middle and late 1994, respectively.
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UTILIZATION OF THE TAGUCHI APPROACH TO EXPERIMENTAL DESIGN
FOR THE ASSESSMENT OF SPIRALLY WOUND LITHIUM OXYHALIDE D CELLS

Pamela J. Size and Esther S. Takeuchi
Wilson Greatbatch Ltd., Clarence, NY

Intduton

The Taguchi Method of Experimental Design was utilized three levels of each of the other 3 factors, a mixed level
to parametrically assess the effect of four variables in cell experiment was required.
design on performance and safety of spirally wound lithium
oxyhalide D cells. This approach allows for the The following formula illustrates how the fractional
examination of many variables at one time through the use factorial design reduces the number of treatment
of fractional factorial designs. The information collected combinations required of full factorial designs. For a full
through such experiments is maximized while the amount of factorial design, the number of treatment combinations is:
treatment combinations is a fraction of those required of
traditional experimental methods. The Taguchi Approach N - Lf [1]
was first introduced into the United States by Dr. Genichi
Taguchi in 1980 when AT&T began utilizing his method at where L - # of levels
their Quality Assurance Center. Xerox and Ford Motor and f - # of factors
Company began using Taguchi methods in 1982.1 This
approach to experimental design has gained popularity in For an experimental design with mixed levels, the
the United States since then, and has been used at Wilson equations is modified and becomes:
Greatbatch Ltd. since 1988.

N = L1 f x L2 
. ... .  121

The main structure of the Taguchi approach involves a
three step method which includes the System Design, the
Parameter Design, and the Tolerance Design. This basic The number of treatment combinations required of a full
approach can be applied to quality control, engineering, factorial experiment which would address this study is
research and development, and problem solving. The equal to 3 3 x 21 or 54 combinations. This is equal to three
System Design, which is the first step in the process, is times the amount required of the L18 matrix when no
generated through prior knowledge of the technology replications are made. The Latin Square Experiment
involved and is the phase where new ideas are introduced, reduces the number of treatment combinations while
This is generally thought of as a brainstorming session allowing for determination of main effects, % contribution of
where the factors in the experiment are determined. The each factor. and optimum settings of each factor through
next step in the process is the Parameter Design which ANOVA analysis.
identifies the optimum settings of the controlling factors in
the experiment and defines the amount of variation in CallCsrtion
product performance due to each of these variables. Latin
Square Designs, or fractional factorials, are introduced at The specific L18 Parameter Design chosen for this
this phase. The third phase in Taguchi methodology is the experiment is illustrated in Figure 2. The factors studied
Tolerance Design which is also a fractional factorial design. were the electrolyte type, LiAICI4 (LAC) and LiGaCI4 (LGC);
This experiment is used to determine the tolerances of the the electrolyte concentration, 0.6M, 1.2M, and 1.8M; the
critical factors defined in the Parameter Design. For each of depolarizer, thionyl chloride (TC), BrCI in thionyl chloride
the fractional factorial designs utilized, the data is analyzed (BCX), and chlorinated sulfuryl chloride (CSC); and the
by ANOVA analysis which is used to determine the main mechanical cell design which differed in working electrode
effects and the percent contribution of each factor in the surface area: cell A (123 cm 2), cell B (247 cm2 ) and cell C
experiment. (534 cm2). D cells of spiral wound construction consisting

of lithium anodes and carbon cathodes with a nonwoven
glass separator material were used. The cells were

ExLidmental vacuum filled with the specific oxyhalide catholyte and
hermetically sealed.

Experimental Desian

The System Design for this effort identified the four

factors to be studied, which were the electrolyte type, the The rate capability and the shelf life determinations for
electrolyte concentration, the depolarizer type, and the these cells were accomplished through 1A and 3A constant
mechanical cell design. The Parameter Design which best current discharge on fresh cells and cells aged for one year.
accommodated these four factors was the L18 Latin Square The cut-off voltage for all discharge tests was 2.OV. A
Design. This experimental design requires 18 treatment MACCOR Model 3 test measurement system was used to
combinations and can accommodate (7) three-level factors discharge and measure the cells. The temperature of each
and (1) two-level factor. This basic design is illustrated in cell was monitored by individual thermocouples.
Figure 1. Since there were two types of electrolytes, and
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The safety issues were addressed under electrolyte delivered 20% higher capacities than cells with
forced-overdischarge (FOD) conditions at 1A and 3A, and LAC electrolyte. This factor had a 13% contribution to the
high rate short circuit. The FOD test was performed under a overall variation in capacity. The depolarizer contributed
constant current at 25±50C on previously discharged cells 42% to this performance attribute, and the cells with CSC
that had remained dormant for 3±1 week. Cells tested at 1A depolarizer delivered the highest capacities. There were
were on test for 16 hours and those tested at 3A were on three factors affecting the capacity at 3A. The depolarizer,
test for 5 hours. ANOVA analysis was conducted on the the electrolyte concentration, and the cell design
basis of a rating system designed to assess the level of contributed 36%, 23% and 20% to this attribute,
physical change in cell containment as a result of FOD. The respectively. The CSC depolarizer, high molarity
high rate short circuit test was conducted at a constant electrolyte, and high surface area anode design were
resistive load of 0.3250, with the cells contained in a favored.
calorimeter. The heat output for each cell was determined
and analyzed by ANOVA methods. ShelLife

Dat Analis The effects of the four factors on shelf life were
determined by discharging fresh cells under a 1A constant

Lab Partner Software from Sof-Ware Tools was used for current at 250C, and repeating the discharge regimen on
the generation of the experimental design and the ANOVA cells stored for one year. The percernt capacity retention
analysis of data. Figure 3 illustrates a sample ANOVA was calculated and ANOVA analysis was performed.
analysis of data from an Li 8 design similar to the one used Figure 7 illustrates the effect of the electrolyte type on
in this effort. The ANOVA analysis involves the calculation capacity retention after one year. The LGC electrolyte
of the sum of squares in the experiment and the individual resulted in an average capacity retention of 80.7%
factors, including the error in the experimental procedure. compared to 32.5% capacity retention for the LAC
The ratio of the variances of each of the factors to the electrolyte. The three other factors had no significant effect
variance of the error, or the F-ratio, is used to determine the on capacity retention.
confidence level for each factor. A pure sum of squares is
calculated based on an assessment of the amount of error Forced Overdischarge
in the experiment due to each factor, which is either added
or subtracted from that factor's actual sum of squares. From FOD testing at 1A and 3A and 250C was done both with
the pure sum of squares, the percent contribution is and without by-pass diodes. Immediately following the test,
calculated for each factor based on its fraction of the total the cells were assessed regarding any physical change in
sum of squares of the experiment, the cell containment. This assessment was performed

using a rating system of 1 - 6, which ranges from no change
Figure 4 illustrates a sample calculation of the main to case rupture. The data was then analyzed by ANOVA,

effects of the factors in the experiment. The actual and the effects of the factors determined. The cell design
response to the specific performance or safety test is and the depolarizer type had an effect on cell safety to
determined for each of the factors and in this way the some degree. Cells with the high surface area design and
optimum settings for each of the factors is determined, the BCX depolarizer exhibited the least amount of physical

change during FOD.
Results and Discussion

Short Circuit

The effect of each factor on the short circuit
The effect of each factor on rate capability of lithium characteristics of D cells was determined by measuring the

oxyhalide D cells was determined by discharging cells of heat output during short circuit and completing an ANOVA
each configuration at a constant current of either 1A or 3A at analysis on the data. The factors having the most effect on
250C and comparing the operating voltages at 50% DOD. heat output were the depolarizer type and the electrolyte
Under a 1A discharge regimen, the operating voltage concentration. Figures 8 and 9 illustrate these effects. The
varied from 3.07 to 3.47V, which was affected the most by depolarizer resulting in the least amount of heat generated
the mechanical cell design (42%), with the highest surface was BCX, contributing 22% to the overall result. The
area design providing the highest voltages (see Figure 5). electrolyte concentration contributed to 30% of the result,
The depolarizer had somewhat of an effect on running and the heat output increased with increasing
voltage (22%), and the BCX and CSC depolarizer resulted concentration.
in higher voltages than the TC depolarizer. Figure 6
illustrates this effect. At the higher rate of 3A, the running Conclusions
voltage is affected only by the depolarizer, and CSC
provides better high-rate performance than the BCX and TC The Taguchi approach to experimental design was
depolarizers. CSC results in an average running voltage of utilized to assess the effects of four cell design factors on
3.26V, compared to 3.07V and 2.97V for BCX and TC safety and performance of lithium oxyhalide D cells. This
respectively, method allows for analysis of the four factors with one-third

of the treatment combinations of full factorial designs.
The effect of each factor on the delivered capacity under ANOVA analysis is used to identify the important factors as

both the 1A and the 3A constant current conditions was well as their percent contribution and main effects on the
determined. Under a IA rate, the capacity was affected the attribute of interest. Additionally, the amount of
most by the electrolyte and the depolarizer. Cells with LGC experimental error can be identified. The rate capability,
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shelf life, FOD, and short circuit characteristics were F PURE
determined for the electrolyte type, the depolarizer type, the FACTOR Df .SQ VAR RATIO .SQ P(%)
mechanical design, and the electrolyte concentration. This A 1 44.28 44.28 19.67 42.03 13.11
study indicated LGC electrolyte had the most significant B 2 3.19 1.59 0.71 0.00 0.00
effect on shelf life. The rate capabl;4ty was affected the most C 2 137.61 68.80 30.56 133.10 41.52
by the mechanical design and the depolarizer. The high D 2 31.97 15.98 7.10 27.47 8.57
surface area cell and the CSC depolarizer provide the e 46 103.57 2.25 118.02 36.81
highest running voltages at high rate. The safety attributes
studied included short circuit and FOD testing. The high TOTAL 53 320.62
surface area construction and the BCX electrolyte resulted
in the least amount of physical change to cell containment Number of experiments = 54
during FOD, and the BCX depolarizer and low molarity Sum (experimental values)= 523.36
electrolyte enhance cell safety during short circuit.

Correction Factor = 5072.33
Acknowledgements Sum of Sq (experimental values) = 320.62

The National Aeronautics and Space Administration, Figure 3. ANOVA Analysis
Lyndon B. Johnson Space Center, is gratefully
acknowledged for their financial support of this effort under FACTOR: A B C DContract No. NAS 9-18395.FATR AB CD

LEVEL 1 237.23 179.05 159.19 159.08
References LEVEL 2 286.13 175.74 149.47 171.63

LEVEL 3 - 168.57 214.70 192.65

1. T.B. Barker, Engineerirng Quality by Design, Marcel RESPONSE TABLE (AVERAGES)

Dekker, Inc., 1990. FACTOR: A B C D

row/column-> 1 2 3 4 5 6 a LEVEL 1 8.79 9.95 8.84 8.84
1 1 1 1 1 1 1 1 1 LEVEL2 10.60 9.76 8.30 9.54
2 1 1 2 2 2 2 2 2 LEVEL3 - 9.37 11.93 10.70
3 1 1 3 3 3 3 3 3 MAIN EFFECTS ANALYSIS
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2 Quality Characteristic: ...the bigger the better...
7 1 3 1 2 1 3 2 3_ _ _ _ _ _ _ _ _

8 1 3 2 3 2 1 3 1 Factors Optimum Settings Level Contribution
9 1 3 3 1 3 2 1 2 Elec. Type LGC 2 10.60
10 2 1 1 3 3 2 2 1 Cell Design A 1 9.95
11 2 1 2 1 1 3 3 2 Dep.Type CSC 3 11.93
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2 Elec. Conc. 1.8M 3 10.70
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1 Total Contribution from significant factors= 43.18
16 2 3 1 3 2 3 1 2 Average Total for all results= 9.69
17 2 3 2 1 3 1 2 3 Estimate of average result (optimum)= 14.10
18 2 3 3 2 1 2 3 1

Figure 1. L18 Experimental Design Figure 4. Main Effects Analysis
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3 LAC A CSC 1.8M
4 LAC B BCX 0.6M o
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10 LGC A BCX 1.8M cc
11 LGC A TC 0.6M 3.1
12 LGC A CSC 1.2M
13 LGC B BCX 1.2M
14 LGC B TC 1.8M 3.o
15 LGC B CSC 0.6M A B C
16 LGC C BCX 1.8M Cell Design
17 LGC C TC 0.6M
18 LGC C CSC 1.2M Figure 5 Effect of cell design on running voltage of

Figure 2. Parameter Design cells discharged at 1A and 25°C.
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DEVELOPMENT OF AA-SIZE CELLS FOR MINE BATTERIES

William P. Kilroy and Julie A. Banner
Naval Surface Warfare Center, Silver Spring, MD

Fraser Walsh
ECO, Somerville, MA

Introduction discharged at low rates of I to 2 mA/cm2. In contrast, the
data in Tables I and 2 show the beneficial effects of LiGaCIl

The many unique requirements for Navy mines have when modified bobbin AA-size cells were discharged at a 175
led to a proliferation of battery designs, with a host of cell ohm load (-1 mA/cm2). After high temperature storage, the
sizes and different chemistries. This leads to low procurement average capacity of cells containing the Ga-based electrolyte
quantities, and subsequently to a diminished interest by was superior to cells with the LiAICI4 electrolyte. After
available suppliers and increased production costs. storage, the RT capacity of the 1.8M LiGaCI4 cells was 61%
Commercial lithium AA-size cells were recently evaluated with greater than the corresponding Al-based electrolyte.
the objective of identifying a low-cost AA cell production base
that would meet mine battery requirements.1 Our goal was Table 1
to replace three Hg-based alkaline cell chemistries and still
meet the power needs of six Navy mines. The selected cell The effect of electrolyte on the capacity of modified bobbin
chemistry had to provide excellent voltage regulation and long AA-size L/SOCI1 cells discharged at 20 mA and -20C
storage life, and balance the need for high current pulses
against the need for high capacity at low rate discharge. One Molar Fresh Stored 7 Days at 70TC
essential requirement was that the cell had to be non- MolSa
magnetic. Performance testing of AA-size cells identified the Conc. LiAICI4  LIGaCI, LiAICI, LiGaCI4
lithium-thionyl chloride (Li-SOC12) chemistry as the best choice
for use in Navy mine applications.' A collaborative effort was 1.4 1.60 1.59 1.05 1.44
undertaken to evaluate and improve the AA cell performance 1.8 1.68 1.70 1.28 1.59
to meet specific mine battery requirements. This paper reports
the ECO and NSWC development of a nonmagnetic Li-SOCI,
AA-size cell and the effort to optimize cell performance by
employing LiGaCI4 electrolyte. The Naval Surface Warfare Table 2
Center (NSWC) together with EIC Laboratories, Inc. are
developing lithium ion-conducting polymer anode films to The effect of electrolyte on the capacity of modified bobbin
improve storage life and cell startup. This study will be AA-size LI/SOCI, cells discharged at 20 mA and 200C
reported at a later date.

Molar Fresh Stored 7 Days at 700CE x e d e n alC o n c . I
LiAICI4  LiGaCI4  LiAICI4  LiGaCI4

The AA cells, manufactured by ECO, are a case
negative, hollow core, bobbin design. The cells contain 1.4 1.73 1.32 0.99 1.15
2.1-0.1 Ah of lithium, 2.8*0.14 Ah of thionyl chloride, and 1.8 1.65 1.59 0.85 1.37
-0.7g SAB-KB cathode collector. Cells werc discharged in
sets of four replicate tests at a constant load to a 2.5V cutoff
at constant temperature in Tenny enviror ,iental chambers. Effects of Hiah Temperature Storaoe: Since the shelf
Room temperature (RT) is defined as 200 to 230C. After life of batteries has a significant impact upon the logistics
selection of the best electrolyte, cells were discharged in sets associated with Navy mines, the improved high temperature
of three. The cells discharged at -20C had been equilibrated storage capacity of the LiGaCI4 electrolyte led to further
at -2°C for several days prior to discharge. Short-term high evaluation of the effect of storage on cell capacity. The
temperature storage was used to simulate long-term ambient capacities of LiGaCI4 cells discharged at 20 mA are shown as
storage. a function of storage time in Table 3. This unexplained

Results and Discussion increase in capacity after storage has been observed in #6-
size, hollow core bobbin cells. Similar behavior has also

Study of Gallium vs Aluminum Salts been observed with LiAICI4 cells after 45 days. (See Table 5)

Moderate Rate Performance: Test results on Table 3
commercial AA-size cells revealed that performance problems The effect of storage time on the average capacity of 1.8M
were most often associated with "old and cold" cells, LiGaCI4 AA-size cells stored at 70C and discharged at 20
especially during high rate or pulse discharge. The SOCI, L C and t7
catholyte proved to have the best overall performance under mA and RT
these conditions.' The capacity of spirally-wound Li/SOCI2
cells under high rate discharge has been shown to be Storage (days 0 7 14 28 56
improved by employing LiGaCI4 electrolyte.2- However, no
appreciable improvement was observed when the cells were Capacity (Ah) 1.59 1.37 1.22 1.50 1.69
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Salt Concentration Study: The effect of LiGaCI4  validated when the activation times of cells containing UAICI,
concentration on the capacity of AA cells as a function of and LiGaCI4 were examined. The start-up characteristics of
discharge temperature and storage is shown in Table 4. fresh 1.8M LiAICI4 and 2.2M LiGaCI4 cells, discharged with a

200 ohm load for 60 sec., are shown at -2*C and RT in
Table 4 Figures 1 and 2, respectively. When discharged to meet a

mine requirement of 0.25mA at -540C, the Ga-based cells also
The effect of LiGaCI4 concentration on the average capacity exhibited a faster voltage recovery. After 48 hours at -540C,

of AA cells discharged to 2.5V at 20 mA after 7 or 14 day the Ga cells never fell below 3.2V. The Al-based cells
storage at 700C required an average 1.5 minutes to reach 3.OV. Fresh Ga-

based cells were also capable of activating to 2.8V within 5
r C i sec. at -20C and to 3.OV at RT under a 27 ohm load.[Molar Concentration ___Temp. 18MAuiu lcrlt

0.54 1.40 1.80 2.0 26 (- C) 1.8 M Aluminum Electrolyte

Fresh 1.08 1.59 1.70 1.74 1.67 -2 3.

Fresh 1.02 1.32 1.59 1.65 1.53 20 & 2._

Stored 1.15 1.44 1.59 160 1.45 -2

Stored 088 1.15 1.37 1.51" 1.41* 20

e s stort7'. 0 20 40 60 80 100 120
Tirne (seconds)

The data in Table 4 show that the 2.2M LiGaCI,
electrolyte provided the best overall cell capacity. The LiGaCI4  2.2 M Gallium Electrolyte
cells delivered greater capacity at -20C than at 200C. This
behavior was also observed at 3 mA when discharging cells 3.5

from another manufacturer.'

The "best" cells (1.8M LiAICI4 and 2.2M LiGaCI4) were "-_
also examined at a rate characteristic of mine battery 0
operation, i.e., at 3 mA. Table 5 compares cell capacities as

a function of discharge temperature before and after storage. 20 40 60 80 100 120

Table 5 
Time (seconds)

Figure 1. Startup characteristics of fresh 1.8M LiAICI, and
The average cell capacity (Ah) to 2.5V for AA-size cells 2.2M LiGaCI4 cells discharged with a 200 ohm load at -20C.

containing LiAICI 4 and LiGaCI4 discharged at 3 mA 1.8 M Aluminum Electrolyte

Temp. Fresh Stored at 660C*
() 1.8M 2.2M 1.8M 2.2M o__

LiAICl 4  LiGaCl4  LiAICI4  LiGaCl4  8 •
1AC -

-2 1.67 1.83 1.54 1.83 >_ _

20 1J80 1.75 1.94 1.83
20 40 60 80 100 120

• LiA 4 cells stored 45 days; LiGa,1 4 cells stored 30 days Ti2e (seconds)

In contrast to the high rate data shown in Tables 1 and 2.2 M Gallium Electrolyte
2, the Ga-based electrolyte shows little loss in capacity at the -

3 mA rate after storage. The RT capacity of cells containing
the LiAICI4 increased after storage, similar to the behavior 3 .5 -

observed with the LiGaCl4 electrolyte. Cells containing 1.8M
LiAICI 4 stored for 45 days at 410 and 540C also delivered 0
average capacities of 1.90 and 2.01, respectively, when 2.5
discharged at a 3 mA rate at RT.

2 N --
Start-Up Characteristics: Even at very low rates, the 0 0 40 60 80 100 120

data confirm the superior low temperature performance of the me (seconds)

Ga-based electrolyte. Thus, the 2.2M LiGaCI4 electrolyte was Figure 2. Startup characteristics of fresh 1.8M LiAICI4 and
selected for use in further cell development. This choice was 2.2M LiGaCI4 cells discharged with a 200 ohm load at RT.
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Hioh Rate Performance: Mine batteries may be Cell Safety Tests: Safety testing was performed in
required to provide high-rate pulses.' The cells were triplicate on 2.2M LiGaCI4 cells after 90 days storage at RT
discharged at -20C at 3 mA for about 50 hours prior to and 55°C. On short circuit, a maximum current of 2.5A and
application of a pulse with a 9 ohm load.. The Al-based a maximum temperature of 1009C were observed. No
electrolyte cells provided a 275 mA peak current at 2.5V. The ventings occurred. Cells were discharged at a constant
Ga-based cells provided 315 mA at 3.OV. current of 50 mA into voltage reversal for 150% of the rated

capacity without venting. No venting occurred upon charging.
The capacity of commercial SOCI2 AA cells was Heating abuse tests resulted in cell ventings between 250'

evaluated to meet a requirement for cells to deliver 0.4 Ah at and 2900C. All cells vented from the positive end of their
50 mA.' Power Conversion, Inc. (PCI) and SAFT France casings.
bobbin cells met the 50 mA requirement. The capacity of PCI
and SAFT cells containing Al-based electrolyte are compared Prototype Battery Tests: Three mine batteries,
with the capacity of 2.2M LiGaCI, cells to 2.5V in Table 6. composed of AA cells containing the 2.2M LiGaCI4 electrolyte,

have been built by ECO and NSWC Crane. Preliminary
Table 6 testing has been completed at MWEA, Yorktown and NSWC,

White Oak. All three battery prototypes from ECO performed
Comparison of Al-based and 2.2M Ga-based electrolyte on well under heating abuse tests. After performing low and high
the capacity of AA-sized cells discharged at 50 mA and -20C frequency vibration and two phase shock tests, all three

battery prototypes delivered the rated RT cell capacity.

Manufacturer Fresh Stored 45 days Summary
I PCI (Al) 0.89 Ah* 110.72 Ah (41°C)*

I jAl) 0A nonmagnetic AA-sized Li-SOCI2 cell has been developed to
SAFT (AI) 0.94 Ah* 0.95 Ah (41-C)- meet the battery requirements of a variety of Navy mine
ECO (Ga) 1.24 Ah 1.42 Ah (55-C) systems. Test data show the performance of cells has been
ECO_(_a_1.2__ 1.42__Ah_ (55°C)_ I improved by employing a Ga-based electrolyte. The ECO

modified bobbin design, containing 2.2M LiGaCI, electrolyte,
*Capacity to 2.OV; additional data are reported in reference 5 has superior capacity at 50 mA at low temperature when

compared to commercial cells containing Al-based electrolyte.
Performance of Optimized Gallium Cell Tests performed to date on three different prototype batteries

have met environmental, abuse, and RT performance
Discharqe and Pulse Characteristics: Cells containing requirements.

2.2M LiGaCI4 electrolyte were subjected to the following peak-
load tests: 9 ohms for 100 sec. (P1), 27.5 ohms for 100 sec. Acknowledgement
(P2), and 100 ohms for 100 sec. (P3). The cells were then
discharged at three temperatures at constant load in sets of The authors wish to thank C. Bowers for his assistance in
three cells to compare low, moderate, and high rate capacity. discussing the battery requirements for the mine systems.
The pulse tests are indicated by P. The capacity to 2.5V is Funding was supported by NAVSEA via the SBIR program.
compared to the capacity of an additional set of three cells
that were not pulse tested. The results are shown in Table 7.

References
Table 7

(1) W. P. Kilroy, J. A. Banner, G.H. Hoff, K.A. Johnson, and
Average Ah capacity of AA-size Li-SOCI2 cells containing W.A. Freeman, Lithium AA-Size Cells For Navy Mine
2.2M LiGaCI4 electrolyte with and without initial pulse. Applications: 11 Evaluation of Commercial Cells, NSWCDD/TR-

92/462, Feb. 24,1994.

Current Fresh Stored 90 days at 55 0C (2) W. L. Bowden, J.S. Miller, D. Cubbison, and A. N. Dey,

"-2°C 20TC _50°C -2_ C 2 20*C J500C New Electrolyte Salts For Li/SOC12 Cells, J. Electrochem.
S1= Soc., 131,1768, 1984.

50 mA 1.24 1.23 1.89 1.37 1.45 1.31

Pi 1.24 1.28 1.73 1.40 1.40 1.69 (3) W. P. Kilroy, C. Schlaikjer, P. Polsonetti, and M. Jones,
Optimized Lithium Oxyhalide Cells, J. Power Sources, 43-44,

20 mA 1.70* 1.70*" 1.84 1.68 1.66 1.83 715 (1993).

P2 1.63 1.77 17V 1.64 1.67 1.80 (4) K. Holloway, Captor Mine Phase I - Lithium Battery

3 mA 1.8 5 *b 1.78*b 1.69 1.79 1.82 1.73 Testing, ESD 89-123. NSWC. Crane IN 4 Dec. 1989.

P3 1.85 1.73 1.76 1.93 1.85 1.79 (5) J. A. Banner, C. S. Winchester, and W. P. Kilroy,

cells n1 Iuds(7es pca data from the Evaluation of Commercial AA-Size Lithium Cells For Navy
concentration study* in Table 4 and NSWC datab in Table 5. Mine Applications, This Journal.

360



HIGH-RATE LITHIUM THIONYLCHLORIDE
BATIERY DEVELOPMENT

Wendy R. Ciesak and David R. Weigand
Sandia National Laboratories

Exploratory Batteries Department 2223
Albuquerque, New Mexico 87185-0614

Abstract CellDeign

We have developed a lithium thionyl-chloride cell The basic cell design is a spiral wound construction.
for use in a high rate battery application to provide In order to maximize the electrode surface area we
power for a missile computer and stage separation incorporate two cathode plates and two anode plates in
detonators. The battery pack contains 20 high surface each cell. The electrolyte is 1.5M LiAICI4 in SOC12, and
area "DD" cells wired in a series-parallel configuration a large excess of electrolyte is present to provide heat
to supply a nominal 28 volts with a continuous draw of sinking, while retaining a minimum free volume in the
20 amperes. The load profile also requires six squib cell of 4 cc for the "D" cell and 10 cc for the "DD" cell.
firing pulses of one second duration at a 30 ampere The cathode uses a 50/50 blend of Shawinigan Acetylene
peak. Performance and safety of the cells were Black and Cabot Black Pearls 2000 carbons with PTFE
optimized in a "D" cell configuration before progressing binder. Each cathode plate is 0.015" thick, to be
to the longer "DD" cell. Active surface area in the "D" discharged from both sides. Cell capacity at the design
cell is 735 cm 2 , and 1650 cm 2 in the "DD" cell. The rate of -6 mA/cm 2 is limited by the practical capacity of
design includes 1.5M LiAICI4/SOCI2 electrolyte, a the carbon cathode.
cathode blend of Shawinigan Acetylene Black and Cabot
Black Pearls 2000 carbons, Scimat ETFE separator, and Comgnoents and Specifications for "D" Cell
photoetched current collectors. * Litheoreticalcapacity=9.1Ah

Introduction 0 Electrolyte theoretical capacity = 17 Ah
0 Electrode surface area = 735 cm 2

The customer historically has used a Zn/Ag20 • Current density = 6.8 mA/cm 2 at 5 A
battery to provide power to the missile electronics.
However, the system design team required a lighter Comuonents and Specifications for "DD" Cell
weight battery in order to meet new missile performance
requirements. While a primary battery system does not * Li theoretical capacity = 17.3 Ah
often replace a secondary battery, in this case, if the new * Electrolyte theoretical capacity = 32.5 Ah
battery could provide enough capacity to complete three * Electrode surface area = 1650 cm 2

launch attempts and the full mission flight time, then * Current density = 6.1 mA/cm 2 at 10 A
rechargeability would be unnecessary. In addition,
going to a primary battery afforded weight savings by The separator, Scimat ETFE 200/80/110
eliminating the power cables. microporous membrane, was chosen during our

preliminary studies. We designed photoetched NiWe proposed an active lithium thionyl-chloride current collectors in order to provide a uniform current
battery consisting of high surface area "DD" cells to cretcletr nodrt rvd nfr urn
betthery cnsisting ofqhighments, surcaereas foellws: tdistribution, low resistance current path, and to avoid
"meet the system requirements, which were as follows: edge burrs that might cause shorting. The cell case

" Trotaiwei of lpess than 15 ptoundsly fincorporates a BS&B Frustum Reverse Buckling (FRB)
m Provide 20 amperes (20 A) continuously for 37 burst disc which operates at 300 ± 25 psi with a 0.375"
minutes (12.3 Ah) to power the computer and opening in the "D" cell and a 0.5" opening in the "DD"stage separation detonators. el

"* Provide six pulses of one second duration at 30 cell.
A to fire the squibs. Staniewicz, et. al.1,2 have reported the design of

* Provide enough excess capacity for three nine- active lithium thionyl chloride batteries for demanding
minute launch attempts (additional 9 Ah) applications. They showed that ETFE separator

SNominal 28 to 30 Volts material and high surface area carbons enhance cold
SMinimum 24 Volts temperature and high rate performance. Our "DD" cell

Our conceptual design of this battery includes 20 design is similar to theirs, except that we have used
"DD" cells wired in two parallel strings with 10 cells in longer electrodes; they report 1185 cm 2 of effective
series in each string. Therefore, each cell provides 10 A interfacial area.
continuously with 15 A pulses, and total capacity of 10.7
Ah. Most of the development effort in this program MD" Cell Test Results
concentrated on the cell. Cell performance and safety
were optimized in the "D" size cell configuration because Performance Charactristics
of personnel safety concerns and available materials Performance testing was conducted in order to
conservation issues. Once a baseline design was
established using the "D" cell, the development then demonstrate feasibility and choose the separator
shifted to the longer "DD" cell. material, electrode surface area, and electrochemical
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balance. The baseline design was established after The cells did not vent in six tests using the
twelve experiments. Cells were insulated during the application load profile, Figures 7 and 8 ("DD* cell #8).
tests to simulate the battery environment. The profile simulated three launch attempts and the

mission flight time with the pulses. The launch
Two sample tests are shown to illustrate the choice attempts required 10 A for nine minutes each, and were

of separator material and the baseline design separated by rest periods of 10 minutes duration (real
performance. The tests were run at 5 A constant flight attempts would likely be separated by >1 hour).
current. A thermocouple was placed on the cell case. The mission required 10 A for 37 minutes, plus six 15 A

pulses equally spaced throughout the flight time. The
Cell #8, Figure 1, contained Scimat 200/40/60 maximum cell skin temperature at the completion of the

separator. Cell #14, Figure 2, contained Scimat application load profile was only 100'C.
200/80/110 separator. The 200/80/110 separator is
thicker than the 200/40/60 separator and it is also more Safety and Abuse Characteristics
porous. Cells using the 200/40/60 material consistently
ran hotter; note the maximum temperature of 1300C for Preliminary short circuit tests caused the cell leads
cell #8 versus a maximum of 80 0C for cell #14. In to fuse within seconds. No venting occurred. Charging
addition, cell #8 actually had slightly higher electrode fresh cells produced very energetic venting, similar to
surface area, yielding a current density of 6.2 mA/cm2  charging the "D" cells.
versus 6.8 mA/cm 2 for cell #14. Cell #14 represents the
baseline design, which supplied 7.7 Ah at an average of Our program was terminated before the cells were
3.05 V under a 5 A drain rate, and was used for the fully characterized and the battery tests were completed
safety and abuse tests. because the scope of the missile program was reduced.

Safety and Abuse Characteristics Sugary

Safety of the cell and performance of the vent We have developed prototype high surface area "D"
mechanism were characterized by two tests each at the and "DD" cells suitable for rates up to 5A and 10A
following conditions: 133% overdischarge (reversal), continuous current, respectively. The "D" cells supply
short circuit, charging of fresh cells and charging of -7.7 Ah at 5A, and may be overdischarged at least 150%
previously discharged cells. without venting. The "DD" cells can only run

approximately 70 minutes at 10A (-12 Ah) before
Figure 3 shows one of the 133% overdischarge tests venting occurs. However, this is a safe margin for the

(cell #16). Neither cell vented. The cell skin 37 minutes continuous drain required by the
temperature stabilized at approximately 900C for most application.
of the voltage reversal portion of the test. Therefore,
this cell design is extremely resistant to overdischarge Acknowledements
at its nominal rate. Prototype cells were built and tested at Sandia by

The short circuit tests produced venting. The cells Leo Griego and Samuel Lucero. This work, performed at
ran at least 14 minutes and showed a steady Sandia National Laboratories, was supported by the
temperature rise during the test, Figure 4 (cell #18). United States Department of Energy under contract no.
The vent operated at a cell case temperature of <1401C. DE-AC04-94AL85000.
The vent mechanism functioned properly by providing
controlled pressure release, thereby avoiding molten References
lithium and rapid cell disassembly. (1) Staniewicz, R. J., et. al., Some Practical

Charging of previously discharged cells caused mild Considerations of Lithium Thionyl Chloride Battery
venting. Charging of fresh cells produced energetic Development, Proc. 34th International Power
venting, Figure 5 (cell #20). The weld holding the cell Sources Symposium, June 25 - 28, 1990, pp. 272 -
bottom to the can was torn. Charging of these cells 274.
should be prevented, for example, by diode protection. (2) Bolster, M. E. and Staniewicz, R. J., Active Lithium

"DD" Cell Test Results Thionyl Chloride Batteries for High Rate Pulse
Applications, Proc. 35th International Power

Performance Characteristics Sources Svmoosium, June 22 - 25, 1992, pp. 72 - 77.

We used both constant current discharge and the
simulated application load profile to characterize "DD"
cell performance. The "DD" cells were also encased in
thick pipe insulation d,2,ring the experiments.

The cells vented during constant 10A discharge
after 70 to 80 minutes, at a maximum cell skin
temperature of 130°C to 1351C, Figure 6 ("DD" cell #3).
The capacity of the test shown was 11.9 Ah at an
average of 3.15 V.
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DEVELOPMENT OF A 250 Ah LITHIUM THIONYL
CHLORIDE BATTERY

M. J. Milden, H. F. Bittner, J. V. Coggi, The Aerospace Corporation, El Segundo, CA
K. Lejman, General Dynamics Space Systems Division, San Diego, CA

M. Svaieson, Martin Marietta Technologies, Inc., Denver, CO
Maj. T. Conroy, Maj. D. Blehm, USAF Space and Missile Systems Center, Los Angeles, CA

J. L. Firmin, J. P. Semerie, SAFT, Poitiers, France

Introduction cell and battery development. Specific results of
cellcharacterization and battery qualification tests have

In 1986 several military satellite programs, been previously published (Refs. I and 2).
concerned with a growing launch system performance
deficit, sought ways to increase the satellite weight Program Overview
delivered to final orbit. The high rate lithium thionyl
chloride primary battery, at that time in the R & D Based on previous SAFT cell designs, a scaled-
demonstration stage. was identified as a candidate to up cell capable of meeting the requirements in Table I
replace silver zinc batteries. The potential for nearly was developed. The Centaur cell is a cylinder with flat
50% reduction in battery weight was significant. plate construction held in place by compression and

locating rods through the electrodes. Figure I is a repre-
The Air Force Space and Missile Systems Center sentation of the basic cell design. Each cell has a glass-

(SMC) awarded two prime contracts for the development to-metal seal that comprises the positive terminal and two
and qualification of a battery to replace the 250 Ah nickel feedthroughs for the negative terminals. A safety
primary silver zinc battery utilized on the Titan IV burst disk on each cell precludes catastrophic failure.
Centaur upper stage vehicle. The requirements/goals for
this challenging development effort are shown in Table 1.
This paper describes the successful program managed by
General Dynamics Space Systems Division (GDSSD),
who selected SAFT/France through a competition to B •K
develop and qualify a battery for flight.

Table 1. Requirements and Goals for Lithium
Development Program TAB

Dimensions 10.8 x 13.3 x 13.4 inches
(Direct replacement for silver
zinc)

Weight 68 lb (Goal)
Life 6 Year Storage at -I 8*C BUS BAR

1 Year at 5 to 32*C
Voltage

MVB 26-32 V
PLB >29.2 V at up to 60 A

(0-85% capacity)
>28.0 V at 60-75 A Figure 1. Basic cell design.

Voltage delay <10 msec
Nameplate 250Ah The final battery configuration contains two tiers
Safety ESMCR 127-1 and is shown in Figure 2. The structure consists of a
Qualification MIL STD 1540b monolithic aluminum machined housing with two layers

of machined cavities for the cells; the top layer contains
five cells and the bottom layer contains four cells.

In this paper, details of the cell and battery Mounting legs form an integral part of the structure.
development program are provided with attention focused
on challenges faced during the cell and battery Documentation and configuration control were an
development. When available, references are provided important part of this program. Since the ultimate
for further information regarding certain aspects of the purpose of the effort was to develop a flight qualified

365



battery, this control system was in place prior to the electrode tabs, locating rods were introduced and
Critical Design Review and was maintained through the strengthened, and insulating washers were inserted
conclusion of qualification testing. between electrodes to stiffen the electrode stack. Current

collector bus bars were also modified to eliminate sharp
Safety was of paramount importance in the cell corners and doublers were added to high stress areas.

and battery designs. The safety program included Detailed welding schedules were developed to ensure the
detailed procedures for handling the cell and battery and integrity of the bus-bar-to-electrode tab welds. The
extensive safety testing at the cell and battery level, resulting cell design survived the required vibration and
Results indicated that, with proper procedures in place, shock environments.
the lithium thionyl chloride high rate battery can be
integrated into an operational environment. At the same time intergranular cracks were found

in electrode tabs. After extensive work (Ref. 3) it was
determined that environmentally assisted stress corrosion
was responsible for the cracking. The intergranular
cracking had safety implications and was therefore
crucial to solve. It was discovered (Ref. 4) that
electrically isolated lithium in the cell environment was
subject to stripping and plating due to lithium ion
concentration gradients formed during discharge. If a
lithium anode became electrically isolated from the stack

._" - <... - -due to intergranular cracking of the tab connection,
-. resulting lithium plating could form an internal short

circuit. The only unintentional cell incident that occurred
during this development was attributed to this

a phenomenon. The cell exploded during discharge. The
mechanism was confirmed by intentionally clipping the

C .anode tabs of several electrodes in a test cell. The test
cell was then discharged identically to the earlier cell.
The test cell exploded at approximately the same voltage
and discharge capacity.

As a result of analysis and testing, it was
determined that the intergranular cracking phenomenon

Figure 2. 9VLS250AM battery configuration. could be precluded by redesigning the electrode substrate
with respect to the orientation of the grain structure in the

The Centaur lithium thionyl chloride battery has substrate material, which was determined by the rolling
demonstrated compliance to a qualification matrix with direction of the material. Metallographic examination of
only minor deviations and may be considered for use in a the cracked tabs indicated that cracking occurred only in
flight application (see Ref. 2). Additional efforts in substrates whose tabs had grain alignment perpendicular
satisfying compliance to deviations, system integration, to the length of the tab; no cracking was found in tabs
manufacturing readiness, and flight documentation whose grain alignment was longitudinal with respect to
release await user identification. the length of the tab. Once this redesign was

accomplished, no further intergranular cracking was

Cell Development observed and no other safety incidents occurred.

Several significant technical challenges were The stringent mission unique voltage requirement
encountered and solved during cell development. These of 29.2 V at up to 60 A was difficult to meet. Electrode
challenges included survival of transmitted vibration surface area was maximized and internal cell resistance
levels, electrode tab intergranular cracking, attaining was minimized while maintaining the integrity of the cell.
voltage performance, meeting storage requirements, and Even with these design solutions, it was found that the
selection of burst disks. high voltage requirement could only be met at somewhat

elevated temperatures. Figure 3 shows cell voltage as a
Engineering development cells were built to function of discharge current at ambient temperature and

verify the ability to withstand the random vibration launch at 40 to 45°C. In order to maintain battery voltage above
environment, which was 13.7 GRMS, applied to the 29.2 V, the cell voltage must be at or above 3.3 V, and
battery, the cells experienced higher transmitted vibration the temperature therefore must be at least 40'C. This
levels. The initial cell design underwent revisions to temperature also provides for maximum capacity, as
meet this environment. Stress relief loops were added to indicated in Figure 4. The baseline operating temperature
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was therefore 40°C and the majority of cell and battery at this temperature results in increased voltage delay and
tests were carried out at this temperature. decreased capacity. This characteristic requires well-

controlled storage conditions. Further work will define
3 7 the storage envelope in terms of temperature and time.

3,6 -- J- -- A burst disk vent of 13 bars was initially selected
40 TO45to meet the cell thermal and safety requirements.

35.-•5 TO 5'C -- However, cell-level thermal tests were performed under

35- . - anticipated worst case hot temperatures which resulted in
b-3,4 - "-. premature vent operation. It became apparent that the
D , -pressure-temperature relationship of the electrolyte

3- - - ,- solution under these conditions was not well understood.
-',,,After extensive thermal modeling and testing to

3,2 - - characterize the pressure-temperature relationship, a burst
16 TO200C ". ......... disk with a vent value of 22 bars was selected. The

3,1-- higher vent value permitted safe operation under all
3URRENT (AMP S) defined requirements.

0 20 40 60 80 Throughout the development, a total of 39
engineering cells were tested to validate design
improvements. To characterize the cell design 102 cells

Figure 3. Average cell voltage vs discharge were built and organized into a test matrix to measure
current performance and safety under various mechanical,

thermal, storage and time parameters. Results from these
tests have been previously published (Ref. 1).

400

1 4 AMF S.. Battery Development
350-

20 AMPS, Challenges faced in the battery development
300 -- 43 A164PSincluded structural integrity to survive vibration and

(DAI2PS /shock, thermal design and modeling, and voltage
Vi/i 60 performance. Much of the battery design work was
M 2-- carried out at the same time that the cell design wasS 200 undergoing refinement, particularly with respect to the

150 structural and thermal aspects of the cell and battery
design, where the designs are ir-rdependent.

100--
Initially, the battery ture consisted of an

50 -- - aluminum housing with nine machined cavities to which
T--MP.RATURE (0C) mounting legs were attached. The entire assembly was

0 rigidized with a baseplate to which the mounting legs and
0 20 40 60 ,80 housing were bolted. This structure failed initial vibration

tests. Subsequently the battery was redesigned with the
aid of extensive finite element modeling (Ref. 5). The

Figure 4. Energy density vs cell temperature resulting monolithic aluminum battery structure (Figure
2) both survived the mechanical environments and
minimized the transmitted environments to the cells. The

The storage requirements at low temperatures monolithic structure contributed to increasing the
(less than 5°C) have been demonstrated for up to one specification battery weight above the initial requirement
year. On-going testing will expand that data base and to 86 pounds. However, the robust structure met all
storage times at -18°C with little or no performance requirements for vibration and shock.
degradation for up to 6 years are anticipated. Storage at
ambient temperature has been demonstrated for up to 8 The thermal design of the battery took into
months, and it is anticipated that storage at ambient for account the thermal environment of the launch vehicle
one year with little or no degradation should be possible. and the significant heat generated by lithium thionyl
However, the requirement for storage at higher chloride cells during discharge. Complicating the thermal
temperatures has not been demonstrated. Although cells design was the fact that a single battery was developed to
can be exposed for short periods to 32°C, longer exposure meet two different applications, the Centaur Main
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Vehicle Battery (MVB) and the Payload Battery (PLB). Conclusion
Each application had a different discharge profile and
thermal environment associated with the profile. The The SAFT model 9VLS250AM lithium thionyl
thermal design had to maintain minimum temperature to chloride battery has completed a program path from
meet the voltage and capacity requirements while development through qualification; the battery was
limiting the temperature to below the safe operating qualified to all of the Centaur MVB battery requirements.
temperature with respect to the cell burst disk. The mechanical, electrical, environmental, and safety

performance has been demonstrated through testing of
Once the thermal environment for the battery was over 100 cells and 15 batteries.

thoroughly defined, the heat generation characteristics of
the cells were determined and the thermal characteristics References
of the battery were modeled. Results from basic research
on the heat generation characteristics of lithium thionyl I. J P. Semerie and J. L. Firmin, "250Ah
chloride cells (Ref. 6) were combined with results from Lithium/Thionyl-Chloride Cell Evaluation Test
the Centaur cell characterization tests to determine their Results", Proc of Etropean Space Power
heat generation. Detailed thermal models were then Conference. Sept. 1991, pp 417-422.
developed and validated by thermal vacuum testing
carried out as part of the battery qualification program. 2. J. P. Semerie and V. Kandarpa, "250Ah

Lithium/Thionyl Chloride Battery Qualification
For the PLB application, which had the higher Test Results", Proc of European Space Power

voltage requirement, it was determined that an inflight Conference, Aug. 1993, pp 799-804.
heater was required to maintain minimum temperature in
order to provide the m;..:imum voltage. For the MVB 3. J. A. Wasynczuk, "Environmentally Assisted
application, a ground-only heater was required. Cracking of Nickel Strip in LiAICI 4/SOC12",

Extended Abstracts of the ElectrochemcialThermal vacuum testing representing both MVB Society Meeting. New Orleans. LA, Oct. 1993,

and PLB applications was carried out under worst case 93-2, 193.

hot and cold conditions (Ref. 7). Test results indicated

that the battery met most requirements over the range of 4. P. Chenebault, "Study of Lithium Plating in
anticipated thermal environments. All requirements were Li/SOC12 Cells Related to Safety Aspects", 36th
met for the MVB application. For the PLB application, Power Sources Conference, Cherry Hill, NJ,
however, there were short durations where the voltage fell 1994.
short of the requirements by 0.5 V or less.

During the battery development three 5. R. B. Pan, et al., 'Titan Centaur Lithium Battery
Durelopmen gining tt batteryo ent three Mechanical Redesign", Vol 10, Issue 2, pp 33-34

Development Engineering Test (DET) batteries wereAp.19AeoacQurrlTehiaRprt

constructed and tested. Twelve qualification batteries Apr. 1991 Aerospace Quarterly Technical Report.

were subsequently built and successfully tested. One 6. H. F. Bittner, et al., J. Power Sources 26, 441-446
DET and five qualification batteries were subjected to (1989).
vibration and shock; the cells in five of these batteries
underwent DPA with no anomalies found. One DET and G. Mckim, et al., "A Method for Thermal
four qualification batteries were subjected to thermal Vacuum Test Simulation of Space Environmental
testing; with the exception of the voltage anomaly for the Heat Fluxes Closing Heated Plates", Proc. of
PLB battery indicated above, all thermal requirements 14th Aerospace Testing Seminar, Manhattan
were met. Details of the qualification testing are given inr Beach, CA, Mar. 1993, pp 89-93.
Ref. 2.
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STUDY OF LITHIUM PLATING IN LIJSOCL 2 CELLS RELATED TO SAFETY
ASPECT

P. CHENEBAULT
SAFT ABD

BP 1039
86060 POITIERS

FRANCE

Introduction A similar cell (#201) was discharged in the same

conditions and did not exhibit any problem. This cell had
In recent years, lithium/thionyl chloride cells not been submitted to vibrations prior discharge.

received special interest as energy power source for use in Compared to the cell #227, the electrolyte volume in cell
space applications. This results from the high energy #201 was exactly the same (743 cm 3) and the delivered
density of this system and the resulting weight saving capacity was 327 Alh compared to 314 Ah for cell #227.
which has a direct impact on mission cost. Moreover, low The mean discharge voltage was 3.3 volts, ie 50 mV
self discharge rate allows for performance guarantee even higher than mean voltage of the vented cell. This
after long storage time. demonstrates that discharge conditions as thermal

To develop these batteries, difficult requirements environment were not responsible for cell internal
have to be fulfil, more specifically regarding shocks, temperature increase and thermal runaway at the end of the
vibrations and thermal environments. In 1988, SAFT discharge. DPA of this cell revealed only one broken tab
began the development of 250 Ah cells according to the on an anode. Lower voltage during discharge with cell
specification of battery an US booster. #227 could result from rupture of several anodic tabs and

higher current density.
To satisfy voltage requirements in a large range of

current, batteries are made with nine cells connected in Different hypothesis have been proposed to explain
series. Large electrode surface is realized in each ceil by the anomaly encountered on cell #227:
multiple electrodes assembly in parallel. A detailed
description and performance of the SAFT VLS 250 AM Hypothesis one:
cells and 9 VLS 250 AM battery have already been Decline of electrolyte level and lack of electrolyte
reported 1,2. For reliability and decrease of internal with stack drying in the top zone where temperature
resistance, each electrode comprises two nickel tabs which increases due to higher internal resistance. Lithium
are then welded on two different bus bars for parallel deposition can occur and creates dendrites that burn
assembly. To sustain shocks and vibrations, these tabs off due to shorting or increasing heat.
have a bent portion acting as stress relief.

Hypothesis two:(similar to hypothesis one)
During discharge under resistive load (0.33 ohm) Decline of electrolyte level and lack of SOC12 in the

after vibration test, one cell (#227) venting violently at the top zone which becomes dry and whose impedance
end of discharge when its voltage reached 0.7 volts after increases. This zone becomes progressively inactive
voltage fluctuations beginning at 1.7 volts. The discharged and expands. Consequently, current density increases
capacity was 314 Ah. in the bottom part of the stack which remains

flooded. This zone has to supply most of the
This paper presents several experiments performed capacity. That implies an increase of lithium

either on VLS 250 AM cells to identify the origin of this consumption in the flooded zone which becomes
safety hazard or on laboratory cells to determine the failure anode limited (because of a progressive increase of
mechanism of electrodes stacks. current density, the heat effect in this zone

contributes to enhance the lithium selfdischarge).
Loss of contact between remaining lithium and nickel

Experiments and results on VLS 250AM cells foil may occur and leads to voltage fluctuations. The
tightness of the contacts between lithium and nickel

Cells failure analysis current collectors increases with possible fusion of
lithium (fuse effect).

Two other cells (#228 and #229) from the same
batch than the cell that vented (#227) have been vibrated Hypothesis three:
and then discharged to 0 volt in the same conditions Short circuits due to separators degradation more
without problems. DPA of these cells revealed rupture of particularly by the end of discharged when stresses
several anode tabs, breaking being located more on separators are increased because of the carbon
specifically on the stress relief portion. Safety hazard could electrodes swelling by discharge products. In this
not be directly related to these electrical defaults. case, stack compression during cell assembly would

be one of the factors influencing cell safety.
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Conclusion of the cell tests: These tests demonstrate
Hypothesis four: that the most probable hypothesis to explain cell #227

Rupture of both stress relief on several anodes or venting is the rupture of both stress relief on an anode. In
cathodes which are insulated from the others (lower addition to the cell tests, laboratory cells have been used to
discharge voltage). That implies a reduced nominal study electrochemical mechanism responsible for the
lithium capacity. The other events are similar to creation of a safety hazard.
hypothesis 1 or 2 but their extend increases because
of the loss of capacity due to stress reliefs ruptures.

Hypothesis five: Experiments on laboratory cells

Rupture of both stress reliefs on anodes or cathodes Lab cells comprising one electrically insulated
(lower voltage during discharge). During discharge, anode have been assembled. These cells comprises a
lithium deposition due to insulated of electrodes (see limited number of electrodes connected in parallel. One of
explanations given thereafter for lab cells these cell assembly is represented on the figure 1. It is
experiments). Because of heat increase at the end of made of disc shape lithium anodes and carbon electrodes.
the discharge, chemical reaction of the dendrites with Glass fibber separators are placed between each electrodes
SOC12 with heat generation may occur. Lithium (same materials are used for the real cells).
dendrites may also create shorts between the insulated
anode and the carbon electrode facing it.

anodes "
cathodes

Expriments on cells -

To identify the cause of the safety hazard, three VLS250
AM cells were assembled, each of them having a different
defect. These cells have then been discharged but have not
been submitted to vibration tests.

.. l

Half filled cell (#235): The electrolyte volume of this
cell has been reduced deliberately to 435 cm3  Figure 1: Laboratory cell assembly
corresponding to a SOC12 capacity of 278 Ah. This cell
has been discharge under a constant current of 42 A with In each case, the central anode is electrically
an initial discharge temperature of 10°C (no temperature insulated from other anodes. The cells is placed in an open
regulation). The discharged capacity was 207 Ah (cut off PFFE cups in a glove box under inert atmosphere. It is
voltage of 2.8 volts) and the temperature of the cell filled with electrolyte (1.35 M LiAICI4 , SOCI2) with a wet
alveolous was 50'C in front of the anodic bus bar. This stand time of 5 minutes before discharged. Discharge is
cell has been overdischarged at the same discharge rate performed under constant current using a power supply
during hours without noticeable event. (Keithley 228A).

Cell with increased stack compression (# 269): The stack First experiment: This stack enclosed an insulated anode
of this cell has been compressed to 70 kg. This cell has as illustrated above. It has been discharged under 16
been discharged under a resistive load of 0.35 ohm at mA/cm 2 .
10°C. The delivered capacity was 308 Ah without any After the discharge, the cell has been disassembled
anomaly during the discharge. for examination (the cell has not been submitted to

overdischarge) and DPA revealed lithium deposits as
mentioned on the figure 2.

Cell with insulated anodes (cell #261): In the stack of this

cell, three anodes have been electrically insulated by Lithium + PTFE
cutting both stress reliefs. These anodes are located in deposit Discs
different places of the stack, one at the bottom, the second -
in the centre and the last one at the bottom. The cell has
been discharged using a constant load of 0.35 ohm. The
cell exploded when its voltage reached 2.92 volts after a - .
discharged capacity of 314 Ah. No voltage fluctuation was _ _ __-

o bse rv ed . ................... ............................... .......................

Figure 2: Localization of lithium dendrites in laboratory
cell after discharge
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Second experiment: To demonstrate the mechanism one end of the insulated anode and lithium corrosion on the
occurring on an insulated anode during the discharge and other parts. This phenomenon is supposed to create
to ensure inactivity of the cathode surfaces facing the electrical bridges that melt due to current flow, creating
insulated anode, PTFE discs have been added between the the possibility of very localized hot spot able to initiate
separators and the carbon surface. The central anode has highly exothermic reaction.
been electrically insulated from the two others as in the These results are very similar to the observations
previous experiment. During cell DPA, a large amount of made on the lithium deposition in the stack that have been
lithium dendrites deposit has been observed on the discharged in our laboratory. At cell level, similar lithium
insulated electrodes mainly in the area between this anode deposition can occur creating the possibility of thermal
and the negative bar, This deposit impregnating the runaway.
separators burned in air during hydrolysis.

Discussion of the venting of one VLS 250 AM cell

Discussion of experimental results on laboratory cells:

The electrochemical mechanism leading to a lithium The previous results show that the simultaneous
deposit certainly results from differences of the lithium ion rupture of the two tabs of an anode is responsible for cell
concentration at the surface of this electrode. venting. This venting results from a thermal runaway due
This situation is presented on the figure 3. to lithium dendrites that develop on the insulated anode.

During the discharge, reduction of thionyl chloride Once this phenomenon has been identified, the mechanism
occurs at the interface of connected electrodes. In this of tabs rupture must be studied. It seems to occur because
region, depletion of thionyl chloride occurs and promotes of environmentally assisted cracking of the nickel with
an increase of lithium ion concentration in the electrolyte. metal embrittlement by zero valent lithium. This
At the surface of the insulated anode, in the region facing mechanism has been widely studied and found in Li/SOC12
the carbon electrode, the electrolyte concentration remains cells on the nickel tabs connected to lithium 4. It can cause
constant (no lithium oxidation occurs due to electrical cell premature failure. In the case of the VLS 250 AM
insulation and no reduction of thionyl chloride on the cell, rupture of brittle nickel tabs by vibrations has
carbon electrode). At the periphery or near the anodic bar, certainly be amplified. Modification of the tabs has been
the isolated anode can be in contact with highly made and no venting were obtained either at cell or battery
concentrated electrolyte. That leads to create at the surface levcl even after shocks and vibrations.
of the insulated electrode two region with different lithium
ion concentrations. This concentration cell promotes the
corrosion of the insulated anode (oxidation reaction on the Conclusions
area facing the carbon electrodes) and lithium deposit at
the periphery of this electrode (reduction reaction) where Venting of one VLS 250 AM cell during discharge
the electrolyte concentration is high. after vibration has been studied. It has been found that

lithium plating was responsible for a thermal runaway.
M. Lithium plating results from the creation of a concentration

U'+W vs0cl, cell on an anode which became electrically insulated from
the others because of the rupture of its two nickel tabs.

--Li~ , This defect is certainly due to nickel embrittlement by

Dendrites -. Li+0 environmentally assisted cracking which promotes rupture
LiU during vibrations. Modifications of the tabs have been

successful and no such defect and safety hazard were
obtained.

W >> Li+o

Figure 3: Mechanism of dendrites formation REFERENCES
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Introduction The above procedure was followed on both undischarged
and partially discharged cells of both chemistries. The Li/SOCI 2

The accepted discharge reaction for the Li/SOC12 cell is cells reported on here used 0.5 M LiAICI4 as salt and were built in

given in Equation 1. our facility. The Li/SO 2CI2 cells were "D" size from Electrochem
Industries designated as CSC 3B35 Cells. In addition to sulfuryl

4 Li + 2SOCI2 = 4 LiCI + S + S02 (1) chloride these cells are reported to contain small additions ofchlorine. The presence of chlorine is not believed to change the

With only one exception, most studies carried out during the nature of the reaction products or otherwise change the main

past 15 years have shown that the entropy change is negative for the findings of this investigation.

Li/SOCI2 discharge reaction which is assumed to proceed as shown
in Equation 1 (1-9). Experimental Results

The accepted discharge reaction (10) for the Li/SO2CI2 cell Using this procedure, the results that we observed for a

is given in fresh, undischarged prismatic Li/SOC12 cell are shown in Figure 1.

Equation 2. This is a plot of OCV and outside cell wall temperature as a function
of time during a programmed cooling and heating cycle. The

2 Li + S0 2C02  = 2 LICI + SO 2  temperature of the cooling chamber was changed at a rate of 0.5

(2) degrees/minute from ambient temperature (about 240 C) to -70 OC
and return with a soak time of 30 minutes at the lowest temperature.

Much less work has been done on determining the sign of the FIGURE 1 OCV Variation with Temperature
entropy change for the sulfuryl chloride system, and part of the work Prismatic LISOCI2 Cell
here is directed toward making that determination.

At constant pressure the entropy change is directly 3+2
proportional to the change in reversible potential with temperature +. . + " "
(dEr/dT). In our investigation the change in OCV with temperature 3.71

(dOCV/dT) is used to determine the sign of the entropy change for 0

the discharge reactions given above. The way the OCV changes . D

with temperature can change with the depth of discharge if one or 17 , 19
0 4

more of the reaction products resides in a different phase than it did c .-
initially. v 3.9 +3.69 •

+ C

In this investigation, d(OCV)/dT was determined on . + +

undischarged and partially discharged Li/SOCI2 and Li/S0 2CI2  3.68 _
cells by simultaneously monitoring OCV while cooling a cell in a .4 4-4.

controlled manner. In addition to yielding information about 3..7 ý,,,-

entropy changes in the cell, in certain instances this procedure "0 10o 2W 300 40 5W00 WO

appears to lead to a direct observation of the thermoneutral potential rime (minutes)

T ocv -r .gmC

Experimental The plot clearly shows the cell OCV and cell wall

In our work a simple, rapid non steady state method was temperature moving in opposite directions. The OCV peaks at just

used to determine changes in entropy from d(OCV)/dT values. A below 3.72 volts and then moves in the same direction as the

type K thermocouple is spot welded to the outside surface of a test temperature, although the temperature is still in the programmed

cell. The thermocouple and cell voltage outputs are fed into a Fluke cooling mode. This is the response that would be expected for a cell

Model 2286A data logger which is programmed to sample at one passing through the thermoneutral potential. The behavior in
minute intervals. Ihe cells were cooled and reheated in a Blue M reverse is repeated on the heating cycle from -70 OC to room
temperature chamber programmed to ramp from 24 °C at a rate of ambient temperature. The freezing point of neat thionyl chloride is
0.5 °C per minute to -70 °C. There was a dwell time of up to 2 -105 OC (11). The d(OCV)/dT slope calculated between room
hours at the lowest temperature followed by a return to 24 °C at the ambient temperature and the thermoneutral transition was -0.53

same programmed rate. mV/IK.
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To estimate the lag effect between the measurement of cell Figure 4 shows the voltage variation with temperature for a
wall temperature and internal cell temperature for this thin prismatic Li/SOCI 2 cell that was discharged for 45% of its capacity. This cell
cell, we compared the response of an internal thermocouple in a cell showed voltage maximums at about 3.71 and 3.73 volts and the
filled with ethylene gylcol to the one that monitored the cooling voltage peaks were not as pronounced as with the fresh and lower
chamber. The lag effect for the internal thermocouple to reach the percent discharged cell. Again, the slope of the voltage variation
same temperature as the chamber air was 5 minutes or less. with temperature is negative in the portion preceding the voltage

peak and then changes direction. The slope in the linear portion just
The d(OCV)/dT plot for an undischarged CSC cell which is preceding the 1st voltage peak is -2.0 mV/0 K.

a Li/SO2 CI2 based cell containing chlorine is shown in Figure 2.
Here again the voltage increases with decreasing temperature. The FIGURE 40CV VARIATION WITH TrFRAIIJRF FIAT

potential increases upon cooling to just below 3.99 volts. It , HscHARGD L400 CI.

maximizes at slightly higher voltages upon reversing the cycle. In " -0
this experiment the dwell time at -70 oC was two hours. The abrupt ,,,
decrease in voltage may be due to the initiation of electrolyte
freezing since the freezing point for neat sulfuryl chloride solvent is
-54.1 o(C (12) and would he slightly lower than this for the salt
containing electrolyte. The slope of d(OCV)/dT is always negative
in the region preceding the 1st voltage peak and then changes
direction after the voltage peak. The slope in the linear region just
preceding the 1st voltage peak is -0.66 mV/°K. 1w

FIGURE 2 OCV VARIATION WITH TEMPERATURE
Undischarged "D" Size CSC Cell '•

3 Q

4 - 3D 3,
399 20 W 1 03 31 .i o a , 40 , ci o ,o, op o a, M -e

' .' 10
398 0 D

v 397 .9,, . Figure 5 shows the voltage variation with temperature for0•" 1 .20 r396 20 e another Li/SOC12 cell that was discharged for 68% of its capacity.
t/ 30 6

.5/ -40 s In this case one voltage peak disappeared and the other peak voltage
394 "'" ... ......... .50 c was more than 3.74 volts. The slope was negative up to the region

394 6 / of the I st voltage peak and reversed itself. After the 2nd voltage3.92 .. 0 peak it reversed itself again. The slope in the linear region up to
0 100 200 300 400 500 600 700 where the 1st vItage peak would have been was -2.0 mV/OK.

Time (Minutes)
OCV Temp FIGURES OCV VARIAT1N•i1WTTEMI'ERATHRCePLOT

FOR 9.% OISClARGED LMMO2 CElI

The next group of tests were carried out on partially 3 u r

discharged cells. Figure 3 shows the voltage variation with
temperature result for a prismatic Li/SOCI2 cell that was 22.5% ,0
discharged. These cell voltage maximums were less on this
partially discharged cell than on the fresh, undischarged cell shown "
in Figure 1. Voltage maximums were slightly less than 3.7 volts. 3"2

This cell was not a fresh cell, but was stored at ambient temperature ,C 3,,

for about 1 1/2 years. Here also, the slope of d(OCV/dT) is always 3, M

negative in the portion preceding the Ist voltage peak. The slope in
the linear region just preceding the Ist voltage peak is -1.0 mV/°K. 3.

3"

FIGURE 1 OCV VARIATION WITH TEMPERATURE POT
FOR US S DIcARGEI) LYsOa2 CELL

Voltage variation with temperature results for partially

discharged CSC cells are shown in Figures 6 & 7. The first cell
M ..... Aresult shown was from a cell discharged for 2.62 AH and gave

voltage peaks that were just under 3.97 volts on the cooling half of

the cycle and just above 3.98 volts on the heating half of the cycle.
Since this cell has a nominal capacity of 14 AH the percent
"discharged was about 19%. The slope of the voltage variation with

303 1 temperature is negative up to the 1st voltage peak and then changes
0, direction. The slope in the linear region just prior to the voltage

peak is -0.82 mV/°K.
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Figure e Voltage Variation With Temp. FIGURiC I OCV VARIATION WITH TEMPERATURE
pmiye' D o schged D lSi CSC Cal *Tw Csoidb Cd

&gO ... ..... • ..... 30Slr
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The thermoneutral potential value of about 3.72 volts that we
FIGURE 7 Voltage VaDation With TeSmp. obtained for fresh, undischarged Li/SOCI2 cells is in good

SPureyt Dschar~ged D Size CSC Cii agreement with most of the results that have been obtained by

3.92 30 -calorimetric measurements or steady state observations of
.... 20 d(OCVYdT over the past 15 years (4-11). These results have ranged

3IN r 10 from 3.66 to 3.88 volts with the exception of Schlaijker et al (ref 7)

3.84 0 D who reported a value of 3.33 volts which is well below the normally

.: 3 observed OCV of 3.67 volts.

1 3.7 
-30

In 3,7 -40 The cell voltage of the undischarged CSC cell increased with
3.8 -50 C decreasing temperature from the OCV to a maximum of about 3.99

.-a volts. The voltage response changed direction at this maximum
3.64 -70
&a4 .. voltage as would be observed when the thermoneutral potential is

0 1oo 300 4o sM co 7W0 attained. The precipitous drop after the maximum may perhaps be
Time (Mirues) attributed to a partial freezing of the electrolyte. The heat of fusion

_v 4could release heat internally in the cell and cause the voltage to
increase since the chamber temperature is no longer decreasing.

The cell discharged for 8.85 AM (nominal 63% discharged) After that the cell voltage increased with increasing chamber
had no voltage peak and the cell voltage and temperature changed in temperature until the thermoneutral potential was again attained and
the same direction, i.e., d(OCV)/dT was positive. This was true over the direction of the voltage/temperature response was again
the entire range of heating and cooling cycles. This suggests that reversed.
significant changes have taken place to products of the cell
discharge reaction. The slope of the voltage variation with With Li/SOCI2 cells that were partially discharged from 22.5
temperature in the initial linear region is +2.9 mV/OK. to 68% DOD the double peaks that were observed on cooling and

subsequent reheating disappeared with degree of discharge reaching
Voltage variation with temperature tests were also conducted a single maximum at the 68% DOD. Once the first peak

under equilibrium or steady state conditions. In these experiments, disappeared, the voltage variation with temperature did not reverse
cells were cooled down in 10 degree steps and allowed to equilibrate until the second peak was attained.
at each temperature. Cell voltage readings were taken several hours
after standing each temperature. Figure 8 shows the cell voltage The CSC cell partially discharged for 2.62 All (nominal 19%
variation with temperature for a prismatic Li/SOC12 cell tested in DOD) gave unsymmetric maxima, one at 3.97 volts and another at
this way. It is seen that the voltage increased with temperature 3.98 volts. The cell discharged for 8.8 AH (nominal 63% DOD)
decrease, as was observed with the transient method. The cell gave a voltage variation response with temperature that was in the
voltage continued to increase to about -40 OC and peaked out above same direction for the entire cooling and reheating cycle. This
3.7 volts. Since the voltage measurements were recorded at 10 observation indicates that there is a positive entropy change in the
degree temperature intervals, the true peak voltage may not have discharge reaction at this depth of discharge having changed from a
been observed. The cell voltage increase between -60 OC and -70 negative entropy change at undischarged and low discharge levels.
OC can not be explained at this time and will have to be repeated. An example of a change that could account for this significant result

Several other similar steady state tests on Li/SOCI2 cells gave erratic is a release of a discharge product like SO2 from a complexed or
behavior, even showing positive voltage variation with temperature soluble state in the electrolyte phase to a gaseous product. There has
responses. In a recent work (1) we have shown that cells with been evidence of free SO2 at the end of discharge for this cell
internal shorts or other problems that load the cell causing it to chemistry. Figure 9 shows the discharge curve for these two cells
deviate from the OCV condition, will not give the normal voltage which was interrupted for the d(OCV/dT measurements and then
variation with temperature response that we attribute to tests carried completed. The cell capacities were 14.4 AM for the initial lower
out on fresh cells at OCV. The extent of the deviation needed to rate discharge and 14.1 AH for the higher rate discharge. About 0.8
give an abnormal response in voltage variation with temperature AM of this discharge capacity is obtained from the discharge step
tests is yet to be determined, just below 3 volts which is most likely due to the cells discharging

as Li/SO2 cells.
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MUGIRK 9 CSC9OD CULL DISCHARGo AT 34 4C

VO isU 3 Can* U mamcnmOhmo~ma 6. Partially discharging LI/SOCI 2 cells causedl maximumI . °. . ... voltage peaks to be significandy changed, and these changes
were related to the depth of discharge. The same changes in

-. ,--- reversal of voltage variation after passing a modified peak were
observed.

7. A partially discharged Li/SO 2CI2 cell discharged about 19%
of its capacity had shifted peaks, but responded to OCV changes
with temperature in the same way as an undischarged cell.

8. A partially discharged LLISO 2 CI2 cell discharged to about
63% of its capacity, completely changed its voltage variation
with temperature response to give a positive temperature
coeffident. This suggests that at this state of discharge, the
entropy change for the discharge reaction had changed from

0 ..... ..... . ..0-negative to positive. This type of change would occur if SO2o ,0 80 10(1 1 1,0 35 0 200 product was no longer confined to the solution phase but was,,O~s) also present in a gaseous phase.

Table I summarizes the d(OCV)/dT values obtained from the 9. Upon completing the discharge of the partially discharged
linear portion of the voltage variation with temperature data just LI/SO2Cl 2 cells, there was a discharge step just below 3 volts at
prior to a voltage peak for both undischarged and partially the normal LI/SO2 discharge voltage for about 6% of the total
discharged cells for the two chemistries. Entropies calculated from discharge capacity.
the d(OCV)/dT data are also included in the table.
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HIGH RATE ITHrA&UM-TflONYL CHLOE1DE
BIPOLAR BATTERY DEVELOME
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Paweatuck, CT 06379

Abstract m I. In this•ce, the sulstr is a nickel plated copper disk with a nickel
The lithium/thionyl chloride (Li/SOCA ) electrochemistry is cepable of tab terminal at the center.
providing high power and high specific power, especially und pulse
dischare conditions, when cells containing thin components angmmpd in A complter ontrolled setup provided a constant current of 25A during the
a bipolar onfiguratim. This paper describes recent work concerned with pule and/or continuous discharg performance tess for cathode evaluaion
bipolar ell design, cathode evaluation, component manufacturing methods, in the special fixture. The pules were 20 seconds in duratiot with a 10%
and the assembly and testing of bipolar modules containing up to ISO cells duty cycle. After 20 cycles of pulse dischar, continuous discharge
for Sonobuoy application, continued until the cell voltage reached 1 volt A constant power pulse

discharge, 71 4W per cell, was provided by the setup during performance
The new generation of active Sonobuoys with increased detection range tet conducted on single and multicell aubmodules. All ell da was stored
capability will require improvement in battery performanee. The in a Nicolct System 500 during the constant pow pulse tests.
lithium/thionyl chloride bipolar design is capable of meeting the power and
energy requirements of these systems (Table 1). The development of a
bipolar battery design incorporating ten-inch diameter thin cell componentsP) RESULTS AND DISCUSSION
was successful in fabrication and pulse testing of several full size 4-eil
stacks, a 20-cell stack and a final 80-cell hermetically sealed 25kW
demonstration battery. Performance of this battery was characterized using The variation of cathode utilization(Ah/g) with carbon loding (W/cm) is
2,4, and 20ms pulses at a ten percent duty cycle. A maximum pulse power shown in Figure 2. These full size cathodes were evaluated in the special
of 35kW and specific power of I.9kW/lb could be demonstrated at a current fixture during continuous discharge at 25A, Le., 50mA/em2. The novel
density of400mA/cm',M Although this effort was considered a success, it cathodes performed better than the standard cathodes made by a
did point to the need for further cell component utilization if longer pulse calendering procedure, most likely because of the lower apparent density
times are to be achieved. One goal of the present program is to develop a which increases the number of active carbon sites available for SOC1
10.7kW bipolar module (one-seventh of the torpedo size Sonobuoy power reduction. The best result, I.64Ah/g, was obsrved for a cathode
supply) with load voltage in the range 300 to 500 volts, containing 4.86S carbon, equivalent to a cathode loading of 10mg/cm2.

All further testing was done with cells containing cathodes made by the
slury process described above.

EXPERIMENTAL
The initial carbon composition contained 80% of a low surface area

A novel method was developed for manufacturing carbon cathodes. This carbon (60m2/W) and 20P/ of a high surface area carbon (>MOm 2/ig)
method starts with a carbon slurry formulation and produces single shects The effect of carbon surfacc area on load voltage during pulse discharg is
of cathode material in a sheet mold having uniform thickness and weight. examined in Figure 3. The end-of-pulse-voltage (EOPV) increased to a
Cathode thickness and carbon content are controlled by changes in the maximum of 3V as the high surface area component of the cathode
slurry formulation. This method reduced the time required for carbon composition was incressed from 0 to 60 weight pearent
manufacturing the large numbers of cathodes required for fabrication of Additional tests confirmed that the 40/60 composition gave the best
bipolar modules containing up to 150 cells. Full size ten-inch diameter EOPV values during pulse discharge of full size cathodes at 25A.
cathodes were evaluated in a special fixture with one inch thick stee
endplates separated by an O-ring which provides uniform thickness and Several platinized carbon mixtures were evaluated in an effort to improve
compressim during single cell tests. The final cell gap was adjusted under the EOPV. The standard 40/60 carbon cathode is compared with the bet
vacuum to provide proper compression on the cathode/sepamtor 40/60 (based on carbon) platinized carbon cathode composition in Figure
components prior to activation with 1.6M LiGaCI'SOCI electrolyte. 4. One characteristic ll platinized cathodes had in common was the

initial high EOPV followed by a voltage decrease during each additional
Multicell stacks were fabricated from *bipolar hardware' consisting of pulse. A decrease in the number of catalytic platinum sites leaving only
bipolar Oates and current collecting endplates. Bipolar plates are prepared active carbon sites due to poisoning by impurities or blockage by locally
by bonding thermoplastic Tefzel material to lightly etched nickel deposited LiCI, may explain the observed decrease in cell voltage. The
substrates. This is an important step since the bipolar plates must EOPV values for one of the standard cathodes increased slightly, most
maintain the correct cell gap and prevent internal electrolyte leakage likely because of a small temperature increase, and rewad the me
between adjacent cells in a bipolar stack. The procedure is illustrated in value, 3.02V, as the platinized carbon cathode during the twentieth pulse.
Figures IA and lB. Three Tefzd rings and a substrate are properly All 40/60 standard carbon cathodes had EOPV values above 2.9V during
aligned between the top and bottom capture mold sections so as to evaluation in the special fixture. This standard carbon composition was
maintain a one-eighth inch Tefzel/substrate overlap, Figure IA. The two selected for all further single cell and multicell stack tests.
sections are bolted together and maintained under compression during the
heating and cooling steps. After melting, the Tefzel material forms a ring The effects of current density and duty cycle on the EOPV for full size
of insulation, Figure IB, with the proper height sealed to the periphery of 40/60 standard carbon cathodes am shown in Figure 5. Increasing the
the nickel substrate. Current collecting endplates am made in a similar discharge rate while maintaining a 10% duty cycle lowers the EOPV and
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causesm a id f off in EOPV values, especially at 100mA/om'. Increasing layer of a fiberglassTeftel composite was applied to the initial sal in order
duty cycle to 50% has only a alight effect on the S0mA/cmI rate while to thicken and strengthen the Tef~c/efzrel bonded rings.
drastically reducing the number of pulses available at 1OOmA/cm2 .

Compression was relaxed during electrolyte activation which allowed the
Cell Desism and Stack Assembly stack to expand somewhat in the center, part of the normal activation
Cell components are sandwiched between adjacent bipolar plates during procedure. The cathode could not be unifomally compressed to a flat
stack assembly as shown in Figure 6. The lithium anode is rolled onto each configuration after activation because of cathode expansion, and as a rnsult,
bipolar plate and anode endplate prior to stack assembly. Preparation of all a change was made in the activation procedure to correct this problem.
cell components and stack assembly procedures were performed in a dry Fourteen pulses were obtained during pulse discharge, Figure 10. Twelve
room environment with relative humidity less than two percent. To begin pulses occurred at load voltages above 1 SOV, better than 3V per cell on
assembly, a carbon cathode is centered on the cathode endplate positioned in average. The maximum voltage, 160.75V, occurred during the sixth pulse,

the assembly fixture. A glass paper separator is then centered over the for an average of321V per cell.
cathode and the first bipolar plate is positioned over the assembled
components, lithium side down. Each additional cell is assembled in like The first 150-cell bipolar configuration was assembled from three 50-cell
manner starting with the centering of the second cathode on the first bipolar stacks connected in series with silver plated copper connectors during pulse
plate. The anode endplate is the last stack component in the assembly discharge. Each 50-cell stack was maintained under compression in a fat
procedure. A fill tube is added to each cell for electrolyte activation after coniguration between one-inch thick lucite disks during the initial three.
stack sealing. The assembled stack components are compressed to the final quarters sealing, electrolyte activation, and final scaling steps. Final
height in prepearion for stack sealing. The Tecfel insulation rings arm sealed compression was supplied with six C-clamps arranged synmmetrically around
along the stack periphery except near the fill tubes (initial three-quarters seal). each stack during discharge; three at half the radial distance and three at the
A 330 watt iron was used to seal the single cell, 4--cell, and 10-cell stacks periphery. The EOPV values for the 150-cell configuration are plotted in
initially. Each cell is filled individually with the proper volume of electrolyte Figure 11. Several ofthe initial pulses were less than 20 seconds in duration
from a syringe delivery system. A cathode channel design was developed to because of problems associated with the high voltage
help distribute electrolyte throughout each cathode. Stack sealing is instrumentation/software test setup. Current instability developed during
completed after activation. Each stack is maintained under external pulse 7 (terminated after 15 seconds) when the power increased to 25.9kW
compression after activation and during final sealing in preparation for after seven seconds of controlled discharge at 10.7kW. The 19
testing. For fabrication of a single cell using bipolar hardware, cell partial/complete pulses ate equivalent to fourteen 20-second pulses.
components are assembled between anode and cathode endplates.

The high power discharge during pulse 7 may have contributed to the less
Single Cell Tests Using Stack Hardware than expected number of 10.7kW pulses. A second mason would be
Several constant power pulse tests were performed with single cells electrolyte leakage. Minimal leakage occurred during activation of individual
assembled from stack hardware. The full size 10-inch diameter cathode was cells in each stack, but additional electrolyte was loss prior to and during the
down-sized to a 9.25-inch diameter cathode for the torpedo size sonobuoy test from several small leaks that developed between adjacent Tefzel rings in
power source application. Comparison with the full size cathode showed that each of the three stacks.
cell voltage decreased only slightly, i.e; by 50 to 80 mV in going to the
.naler diameter cathode. As an example, thirty-one 20 second pulses were Assembly and Testing of a !50-cell Bicolar Module
oined during the first constant power continuous pulse discharge test with Fabrication and testing of the multicell stacks and problems associated with
a 9.25 inch cathode, Figure 7. The average EOPV value in this test was two 150-cell modules indicated several problem areas which needed to be
2.96V from the second through the twentieth pulse. addressed: Tefzel stack sealing, cell activation, and the handling of large

modules, during assembly being the most important Changes and
Multicell Stack Tests improvements made in these and other areas are discussed below:
The load voltage in multicell stacks is sensitive to changes in compression on
stack components. The external compression was adjusted on several 1) The assembly fixture was redesigned so that a uniform compression
multicell stacks during the initial few pulses in order to maximize stack could be applied to the stack during assembly. Handling is improved since
performance throughout the rest of the test. One result is shown in Figure a large module can be rotated under compression in this fixture for ease of
S for a 4-cell stack containing 10 inch diameter cathodes. Thirty-six 20 sealing and electrolyte activation.
second pulses were obtained during this constant power continuous pulse
discharge test. One characteristic ofmulticell stacks observed during testing 2) The cathode channel design was modified so that the fill tube is no
was the increase in voitage usually during the first 10to12pulses, duetoan longer compressed between the separator and cathode. This change
increase in stack temperature. In this example, the voltage peaked during improved module flatness under compression.
pulse 13 at 13.56V, for an average of 3.14V per cell. Twenty-seven pulses
were obtained during testing of a 10-cell stack, Figure 7. The peak voltage, 3) The quality of the sealed Tefzel surface was improved by replacing the
31.81 V, occurred during pulse I I for an average of 3.18V per cell. soldering iron "contact method" with a hot gas welder. This type of welder

was observed to melt the Tefzel stack surface without causing extensive
A 50ell engineering stack was built with 10-inch electrode components in degradation of the thermoplastic material.
order to establish a procedure for the assembly, sealing, and activation of
large stacks. The stack was assembled as described above. Stack 4) A polarization test was developed to monitor the electrochemical
components were compressed between one-inch thick lucite support plates condition of a large module prior to the start of testing.
using C-clamps prior to initial stack sealing. It is important that the bipolar
plateTefzr ring cell assemblies are seated properly, i.e., am compressed into 5) The wicking capability of the cathode was improved by reducing the
a flat configuration of cells that will maintain proper component TFE content of the carbon composition. Several wetting experiments were
contact/compression during activation and testing. The bipolar rings form conducted to compare high and low TFE cathodes. Electrolyte distribution
an uneven vertical surface which must be smoothed in order to insure between the cathode and separator components and electrolyte retention by
TefzeVTefzel bonding among adjacent rings around the periphery of the the cathode improved with reduction in the TFE component.
stack. The initial three-quarter sealing was done with a 550 watt iron. One
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A turd I SO-cdl bipolar module warn assembled during a two day perio in ______

the podtcduon dry woan usig low TFE cathodes and incorporating the other lo
changes and inmprvanents discumedl above. Every effort waa made In
miniumiz atposuwe of the conmponents and module to molisure during th -15

mmbly, uini tialdck sealing. decsrolyft activation, and final sailing deps.
Several tabs wets TIO welded between the wanod and cathode honeycomb -4 1 - utit efzei I Nice O-rnhP
su~pport drct to proid comprssion to the module duingo testintg. Fi. I A rcTe7I/ Nickel Sandwich prior to Compression Molding

Twelve 20 second pulses weon obtained during the 10.7kW constant power
pulse test. The lowest voltage and EOPV values are plotted for each pulse I .I, I iaIlf of (apt ure Mold
in Figure 12. Module voltage incrased during the first five pubses, then -

peaked at 498.2v during the sixt 20 second 10.7kW pulse. Module voltage
started to drop afte the seventh pulse. The pulse test wan lamninated after Bottuor Half d( Capture Mold
the twelfth pulse because of the rapid drop off in voltage between the Fi It Feftel Nickel Substrate Configuration After
eleventh and twelfth pulses. Recovery of the OCV to 544V afte each pulse Coprsio Molding
was an indication doa no internal shofts had occurred. The rapid drop off in
module voltage aftr pulse 7.i evidence that a few cells were weak from lack
of an adequate electrolyte content._ _ -
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Experimental Simulation of Thermal Behavior of Li/SO2 primary battery

Young 1. Chol, Eunsoo Choi1, and Robert J. Staniewicz 2

Dept. of Mech. Eng. & Mechanics, Drexel University, Philadelphia, PA 19104
SAFT America, Inc., R&D Center, 107 Beaver Court, Cockeysville, MD 21030

Introduction Figure 2 shows the top and side views of the battery, which

The objective of the present study was to conduct heat transfer shows ten dummy cells and a flexible board containing two diodes, two

experiments using a phantom Li/SO2 battery under controlled electrical fuses and two thermal fuses. The board is placed at the

conditions in order to examine the effect of various parameters on the comer of the battery pack and the two thermal fuses are located around
thermal behavior of a real Li/SO2 battery. The lithium sulfur dioxide the center of the pack, surrounded by five cells, (cells #4 - #7, and #9).

(Li/S02) cells have many desirable characteristics for an Note that thermal fuses disconnect the circuit to avoid danger when

electrochemical power source such as high energy density, high the temperature of the pack reaches a critical value. Two diodes are

operating cell voltage, excellent voltage stability over 95 percent of the used to prevent reverse or charging currents for safety.

discharge, capability of operating over a wide temperature range (-40 Based on the total thermal mass of the actual Li/SO 2 cell (i.e.,

to 80°C), exceptionally long storage life and low cost of materials. 20.07 cal/°C), ten dummy cells were fabricated by filling case cans with

In spite of these attractive features Li/SO2 cells may show molten lead. The identical case cans used in real cells were used. After

hazardous behavior at high rates of discharge [I]. The reports ranged the lead solidified, a cylindrical cavity of 0.357" diameter and 1.25"

from mild venting to violent explosions and fires. When the Li/SO 2  depth was drilled at the center of the solid lead where a cartridge

cell is discharged at a high rate, the internal electrical resistance of heater was in5erted to simulate the heat generation in the actual

the cell produces a high heat generation, which increases the average Li/SO2 battery as shown in Fig. 2, which also shows the locations of

temperature of the cell. We reasoned that conducting the experiment fourteen thermocouples. Ten thermocouples (from #1 to #10) were

with actual Li/SO2 cells could result in venting, thus we sought a novel

design that eliminated the "real" cells yet could easily be runwithin an Thermocouple flexible board

ordinary laboratory without unusual dafety measures. Electrical Fuse 1

SDiode #13- 1
Experimental MethodDid#1- 461

In order to examine the effect of various parameters on the Electrical Fuse 2-

thermal behavior of the Li/SO2 battery, the present study developed

an alternative method using dummy cells which simulate the heat Thermal Fuse #11 12 2

generations of real Li/SO2 cells. A phantom Li/SO2 battery that Thermal Fuse #t 2

contained ten dummy cells was constructed as shown in Fig. 1. 5

Thermal Fuse1

thermocoupl air pocket p

dummy cell 12

catfidge heater

Thermal Fuse ~Thermocouples •••Hae

connection wires
wires

Fig. 2 The layout (top and side views) of ten cells and fourteen
Fig. I Photograph of actual Li/SO2 battery with 10 cells. thermocouples.
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inserted through small cavities drilled at the upper half of dummy EF1 TF1 D1 EF2 TF2 D2

cells as indicated by a thick solid line and x mark. In order to monitor

the temperatures of diodes and thermal fuses, two thermocouples, #11 1 1 1 1 i I II

and #12, were cemented on the surface of thermal fuses. Two additional

thermocouples, #13 and #14, were cemented on the surface of diodes as

shown in Fig. 2. 14reference point

In order to simulate the heat generation due to the discharge of Iu Ie I

Li/SO2 cells, high density resistance cartridge heaters from Omega meter
Load

were used. The cartridge heaters were heated using a DC power (3.65 Ohm)

supply, and the temperature readings were recorded using an IBM VO1t

computer via a data acquisition system. Since the heat generation rate + - meter

I =Selectorof each heater critically depends on its resistance, the exact resistance DC-Power Supply
of each heater was measured. The resistance of each cartridge heater

is slightly different from each other. Hence, if the same voltage is 1.s

applied to each heater, there would be a maximum 14% error in the Voltage at each point 13 14

heat generation rate. In order to compensate the difference in

resistance, a resistance compensation was made using a nichrome wire so track between diode #1 11Sthermal fuse #1 1021
that one could produce exactly the same heat generation rate in each t f # 12.

cell. Descriptions of detailed procedures and schematic diagrams of

the resistance compensation circuit were given elsewhere (2]. S 78
o

Results and Discussion > 0.5

There are two sources of heat generations in a battery pack when 3 4 56

it is discharged; one is the heat generation from cells and the other is

from the control circuit board. The former is the sum of polization heat, 1 2

entropic heat and chemical heat of the cells, whereas the latter is 0.0 0 1 1
caused by resistances of the mainly diodes and printed circuits. The

effect of the latter on the overall thermal behavior of the battery has Measuring Point Number

not been clearly recognized. Fig. 3 Top: Schematic diagram for voltage drop measurements of

Figure 3 shows the circuit diagram of the control circuit board electrical components, Bottom: Results of voltages measured at 14
locations relative to the reference point.

(i.e., the top figure) and the results of measured voltages with respect

to the reference point (i.e., the bottom figure). Since the voltage drop in

the connecting track could be significant due to the long distance and temperature of 250C. The minimum cell temperature was consistently

narrow width of some tracks, the voltage drop of each connecting track obtained at cell #3 whereas the maximum cell temperature was

was also measured. The voltage drops in two diodes were almost obtained at cell #7.

identical, approximately 0.32V. The voltage drops in electrical fuses In order to see the effect of the heat generation from the

were in the range of 0.18-0.22V. Of note is that there was a significant

voltage drop in one track between the diode #1 and the thermal fuse #1

as pointed out in the bottom figure (see Fig. 3), indicating room for 30 2 amp discharge rate a ce6l#i

improvement in future circuit board designs. With the circuit board t flexibecol#7, max & cell#2
a cell#7,Oma c #l3

used in these experiments, there was a significant heat generation e - cell#4
Mcell#5

occurring in the tracks. One simple way to reduce the voltage drop in S 20 Cc 5-

the track may be to shorten the distance by rerouting the tracks, use TLU cell#7
rr cetl#8

wider ones, or increase the copper thickness. icol#10

The heat generation from the cells and control circuit was 10 cell#3, min

simulated by supplying DC current to the control circuit from a constant- L.

LU
current DC-power supply outside of the battery pack. The diodes and -

thermal fuses are electrically connected in series. Figure 4 shows the 0

time history of cell temperature at a 2 amp discharge rate with the 0 so 100 150 200
Time (min.)

flexible board in a temperature-co. rolled Tenny chamber. Note that

the ordinate is the temperature rise from the initial surrounding Fig. 4 Temperature riseý of cells vs. time.
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flexible board, we repeated the test without the board (i.e., no current so od#3to the board). Figure 5 shows the comparison of the temperature --rO--

history (in the form of temperature rise vs. time) for two cases (with -" T. FUSI2
60 diodes Oiode 13

and without the flexible board) in the Tenny chamber. Results in Fig. 5 - Ode 8 14

clearly depict that the heat generation from the board significantly
i• 40increased the maximum cell temperature. The difference between the w

t f
maximum and minimum cell temperatures decreased from 1O°C for the thermal fuse S 11

case with the board to 5.30 C for the case without the board, 20 hcemi #70. 2 0 

-th e r m a l f u s e 01 2
demonstrating the effect of heat generation from the board on cell

temperatures.

Figure 6 compares the temperature rise of diodes, thermal fuses, 0 50 100 150 200

and the maximum/minimum cell temperature rise at the 2 amp Time (min.)

discharge rate case. It is of note that the temperature of thermal fuse

#11 was substantially larger than the maximum cell temperature #7, Fig. 6 Temperature rise from key components and max/min cell

whereas that of the thermal fuse #12 was almost identical to the temperatures

maximum cell temperature.

Diode temperatures were significantly greater than the cell, and the size of a diode is substantially smaller than a cell, the

temperature of #11 thermal fuse. The temperatures of the two diodes diode temperature increases greatly, to a surprising level. Results

rose approximately 64°C from the initial surrounding temperature. presented so far were obtained using 100% duty cycles.

Since one diode produces almost the same amount of heat as one Li-SO2 Figure 7 shows the results obtained from 5(r/o duty cycles. The

objective of this test was to investigate the thermal behavior of

Li/S02 batteries when they were discharged at 100% and 50% duty

30 2 amp discharge rate cycles. Figure 7 compares the maximum cell temperature and thermal

without flexible board fuse temperature (#11). Clearly, the temperature reading from thermal

fuse #11 was significantly greater than the maximum cell temperature.

Since the purpose of having a thermal fuse is to monitor the maximum
S 20
w cell temperature, the current position of thermal fuse #11 does

S"overestimate the maximum cell temperature. Detail results of the 50%
Cc 5duty cycle tests were given elsewhere [2].

10
Summary

SWinThe maximum cell temperature at the 2 amp discharge rate

SCELL#7, Max case occurred consistently at cell #7, yielding a temperature rise of

0 50. 10 1 200 approximately 22
0

C. The thermal fuse #11 (i.e., the one closer to0 50 100 150 200

TIME (MIN) diodes) gives consistently larger temperature readings by almost 10°C

403

Thermal fuse #11 (100%)

20,

10 de Max cell temp (100%)
o Tr 13 degree C

c celc3 Thema fus 1011

CL

cell#7, Max •Max cell temp (50%)

0 50 100 150 200 0
Time (min.) 0 100 200 300 400 600

Time (min.)

Fig. 5 Comparison of temperature rises of cells #3 and #7 without (top)
and with (bottom) control circuit board in Tenny chamber. Both were Fig. 7 Comparison of time history of maximum cell temperature and

discharged at 2 amp rate. thermal fuse temperatures for 100% and 50% duty cycle cases.
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than the maximum cell temperature while the thermal (use #12 (i.e.,

the one away from diodes) gives almost identical temperature to the

maximum cell temperature. This is an important discovery from a

design point of view. Because of the proximal location of the thermal

fuse #11 to hot diodes, thermal fuse #11 in the present design recorded a

temperature approximately 100C higher than the maximum cell

temperature, rendering a premature opening. The results given in this

present study suggests a number of ideas of design improvement from the

view point of thermal management of the battery. One example is that

manufacturers should carefully select the location of thermal fuses such

that thermal fuse monitor the maximum cell temperature correctly.
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EFFECTS OF CHEMICAL TRANSPORT AND ENTROPIC
COOLING ON LONG-LIFE THERMAL BATTERY

DESIGNS, INCLUDING SONOBUOY APPLICATIONS

Charley Lamb
Eagle-Picher Industries, Inc.

Electronics Division, Couples Department
"C" and Porter Streets
Joplin, Missouri 64801

The electrolyte resistance functions were obtained by curve-
Introduction fitting both internal test data and published resistivity data.3

General equations defining the associated chemical transport
Direct chemical transport and entropic cooling are both losses were derived from published self-discharge data.4

known to affect the performance of primary thermal batteries. These transport losses are summed with the current/time
Direct chemical transport, a self-discharge reaction, results in capacities, and allow the definition of the possible half-cell
measurable coulombic losses, and is a greater factor in long- voltages from the anode and cathode (which also depend upon
life applications, particularly those with long periods of open- temperature). The equilibrium potentials corresponding to
circuit or very low current densities. Entropic cooling is less each half-cell reaction are those used by Bernardi and
of a factor at low current densities, but becomes important to Newman. 5 The load potential is, as expected, the sum of the
heat balancing at higher current densities. These phenomena, individual half-cell potentials less polarization.
however, have usually been lumped into utilization-related
"adjustment factors" during the battery design/performance Chemical Transport
analysis phases. Consideration of these effects during
example battery developmental builds is illustrated in For the purposes of the model, the chemical transport
performance models that quantify the roles these factors have factor was most conveniently expressed in terms of capacity
in determining battery performance. (lost) per unit time per unit area of cell interface, or

coul-min-l-cm- 2. This term, like similar kinetic expressions,
Cell Model is a function of absolute temperature, and varies greatly with

electrolyte composition.
Although crude in some respects, a PC spreadsheet-

based cell model has been employed as an aid in the Entrovic Cooling
interpretation of selected battery performances. The model
allows for the input of material and operating parameters, Entropic cooling during thermal battery discharge has been
including: variously discussed by several researchers.2 ,6, 7  The TAS

term is usually generated as part of the entropic cooling and
Anode/cathode types and compositions resistive heating equation:7

Electrolyte type, thickness, and melting point dE
Cell diameter dT
Number of cells
Number of parallel stacks where q = heat (W)
Initial battery polarization I = current (A)
Initial operating temperature T = temperature (Kelvin)
Assumed cooling curve dE
Load type (constant current or power) and amount dT temperature coefficient of

discharge reaction (volts/K)
No provision has been made for a thermal model as done by E = open circuit voltage (volts)
previous researchers using finite element analysis. 1,2 V = voltage at current I
Therefore, the spreadsheet model is most useful for
successive iterations of a battery type. Utility for prediction
of the performance of a proposed battery is somewhat more Battery Configurations
limited.

EAP-12160
The spreadsheet model defines cell temperature as a

function of time, and calculates capacity delivered over the The EAP-12160 thermal battery was designed
time intervals. Electrolyte resistance is defined as a function to meet the requirements of the "PRIME" battery in the
of temperature. Capacity losses due to chemical transport at Advanced Mine Neutralization System. Physical and
each increment of time and temperature are calculated. electrical requirements are:
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Discharge Life 1200 seconds
Voltage Range 40 V max., 25 V min.
Load 246 watts constant 2
Environmental Range -3 I°F to +120°F 1.8
Case Temperature 350'F max.
Battery Weight Functional minimum; .u1.6
Assembly Weight Not to exceed 7 lb

>01.4
The physical characteristics of the battery stack assembly are: 1.2

Number of Stacks Two in parallel 1
Cells per Stack 20 0 300 600 900 1200 1500
Cell Diameter 3.0 in Discharge Time, seconds

The electrochemical system presently used in this battery is Figure 2. EAP-12160 Discharge Performance Two-
Li(Si)/LiBr-LiF-KBr,MgO/ FeS 2. stack "cold" battery (-) compared to model

( ..... ).
Performance vs. Design: This battery was initially

constructed to contain three parallel stacks of 17 cells each.
Discharge lives under the constant power load were in excess Table 1. Components of Cell Heat Changes
of 2000 seconds for both "hot"-equilibrated and "cold"-
equilibrated units. Figure I shows the model prediction and Battery Cumulative Heat Change after 1200 Seconds
actual performance of the "cold" three-stack design. Configuration of Discharge (calories per cell) A

2 Chemical

1.8 Transfer TAS 12 R Total
*" Three-Stack,

to 1.6.... "Cold" +86.2 -185.0 +1.4 -80.4

. .'\ NThree-Stack,-1.4 "Hot" +119.0 -196.3 +17.9 -59.5

1.2 Two-Stack,
"Cold" +84.2 -287.6 +51.6 -151.8

I ,Two-Stack,
0 300 600 900 1200 1500 1800 2100 "Hot" +116.1 -309.6 +50.8 -142.6

Discharge Time, seconds A) "+" values denote heat released by the cell;
"-" values denote heat taken up by the cell.

Figure 1. EAP-12160 Discharge Performance Three-
stack "cold" battery (-) compared to model
( .). As noted in Table 1, the two-stack "cold" battery

absorbed over 70 calories more per cell during the 1200
seconds of discharge than did the three-stack "cold" battery.

Because of the large margin in discharge life with a Most of this was due to the entropic cooling term, which more
three-stack design, and the modest current densities involved, than offset the modest resistive heating difference that
a two-stack build was proposed. Pellet weights would remain resulted from the increase in current density. The heat
constant, as would cell heat balance and thermal insulation, content changes attributable to chemical transfer arise from
Internal battery heat content, however, would change because the loss of 3.22 A-min of capacity for the "cold" units over
of the effect that changing the current density has on the the 1200 seconds. The "hot" units lost 4.40 A-min of
entropic cooling and resistive heating terms. Figure 2 depicts capacity in the self-discharge reactions.
the battery performance and model prediction for this two-
stack "cold" unit. Table 1 summarizes the expected heat Development Sonobuoy Battery
effects on both "hot" (initial internal stack temperature of
500°C) and "cold"-stabilized model batteries comparing the This thermal battery feasibility/development effort is
differences between a three-stack design and a two-stack directed toward a sonobuoy program, a long-life application
design. more typically filled by Li/SO2 chemistry. The sonobuoy

battery (SB) is currently employing a lithium(alloy)/iron
disulfide system, and is characterized by the following
physical and electrical performance goals:
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Recent battery discharge lives attained during this ongoing
development effort were 2776 and 2850 seconds for "cold"-

Battery Weight: 3.0 pounds, max. stabilized units and 3749 and 3762 seconds for "hot" units.
Battery Dimensions: 3.25 in dia. by 4.80 in long
Discharge Life: 3600 seconds Conclusions
Voltage Range: 37 V max., 20 V min.
Environmental Range: 00 C (with -20°C battery) to The entropic cooling term, although not a large factor

+35°C (+55°C battery) in low-rate cells, is important in total heat management of
Case Temperature: 100°C max. during active moderate-rate and high-rate cells. An increase in cell area or

life number of parallel stacks (usually made during the design
Electrical Load: 50 - one second pulses of phase of a battery to achieve voltage regulation) will directly

30 A at 10% duty cycle reduce this term. Chemical transport, on the other hand,
during 3600 second active becomes more important as battery discharge lives become
life in addition to a 0.200 longer. An increase in cell area will directly increase the
A constant current back- degree of self-discharge. As thermal battery performance
ground load requirements increase, proper design technique requires

careful consideration and management of ,nderlying
Battery Performance: Performance testing has been contributions to heat content over the entire lives.

conducted by applying the 30-A pulses at intervals of 75
seconds during the one hour discharge. Figure 3 graphs a
recent "hot" SB test and compares it to the model prediction. References

2 1. D. M. Bush and R. L. Hughes, A Thermal Model ofa

1.8 Thermal Batten', SAND79-0834 (Albuquerque:
1.6 -- . .. Sandia Laboratories, July 1979).1.6 • ^-.

S1.4 2. J. Knight, "A Voltage-Time Model of Lithium-Iron
;2 1.2 Disulphide Thermal Batteries," Poirer Sources 14, edited
SI by A. Attewell and T Keily (International Power Sources

0.8 Symposium Committee 1993), pp. 313-326.

0.6 3. L. Redey, M. McParland, and R. Guidotti, "Resistivity
0.4 Measurements of Halide-Salt/MgO Separators for

0 600 1200 1800 2400 3000 3600 Thermal Cells," Proc. 3411; International P'oier Sources

Discharge Time, seconds Symposium, 1990, pp. 128-13 I.

Figure 3. Discharge Performance of 120*F Battery 4. R. A. Guidotti, F. W. Reinhardt, and J. A. Smaga, "Self-
Compared to Model. Data include voltages for Discharge Study of Li-Alloy/FeS 2 Thermal Cells,"Proc.
battery base load (ooo), model base load ( ), 34th International !'ower Sources Symposium, 1990, pp.
battery pulses (AAA), and model pulses (---). 132-135.

5. D. Bernardi and J. Newman, "Mathematical Modeling of
Total heat content change over the 3600-second Lithium(alloy), Iron Disulfide Cells," . Flectrochemical

discharge was predicted to be +87.1 cal/cell. The overall Society, 134, 1309 (198 1).
generation of heat during battery discharge contrasts sharply
to the cumulative cooling associated with the EAP-12160 6. T. D. Kaun in Proc. International Workshop on High-
battery. Much of this heat generation is due to Temperature Molten Salt Batteries, Argonne National

Laboratory Report ANL-86-40, pp. B-138-144.
1) limitation of the 12 R term by the very low average

current density, and 7. H. F. Gibbard and D. M. Chen in Proc. International
Workshop on High-Temperature Molten Salt Batteries,

2) increase in the amount of chemical transport (self- Argonne National Laboratory Report ANL-86-40, pp.
discharge) by the very long discharge time. B 145-152.
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Development of a Two-hour Therl Battery

Ronald Guidotti and Arlen Baldwin
Sandia National Laboratory

Battery Development Department
Albuquerque, NM 87185-0614

Introduction Falls, NY) and a 10.2-m sleeve of Mmn-K TE] M(R)
(Schuller Specialty Insulations, Denver, CO) and 12.7-

The need for a long-life thermal battery with an em NMn-K discs on the ends.
activated life in excess of 90 minutes presented
development challenges with the existing Li(Si)/FeS2  Testina

A stack diameter of 50.8 cm (2 in.) was chosen for
technology currently being used at Sandei. The tech- the design application. The steady-state or back-nology had been used successfully previously in the ground current was 100 m# which corresponds to a

development of a one-hour thermal battery. 1 The current density of 5 mA/cm2 ; the pulse current was 10

longer life requirement for the new application, A for 50 ms and corresponds to a current density of

however, necessitated increasing the heat input to the 2

battery to increase the time for maintaining the 493 mA/cm 2. The pulse was applied every 10 min
electrolyte molten. The thermal stability of the FeS 2  throughout the lifetime of the battery. The steady-

cathode material limited the success of this approach, state voltage was not to exceed 32 V and the minimun
since FeS 2 decomposes to FeS and elemental sulfur voltage during pulsing was not to drop below 22.5 V

during discharge. The heat-balance range studied was
vapor when exposed to temperatures in excess of 550 0C 82 to 100 cal/g of total cell mass (including the heat

for any appreciable length of time (e.g., over 10 pellet). The activation-temperature range for the

min). long-life application was -54 0 to 820 C.

In comparison, CoS2 eliminates a large part of The initial development work was performed using
Oabout 10-cell batteries. A total of 18 cells was necessary

this problem because it is thermally stable to a t in the final battery design to met the voltage re-

6500 C. Westinghouse researchers have previously shown quirements.
CoS 2 to be a viable cathode material for high-power,

secondary-battery applications when used with the Results aed Discussion

all-lithium LiC1-LiBr-LiF eutectic. 2' 3 Because of eS21O-Ce1 Tests
their success, we explored the use of CoS 2 as a Preliminary evaluation tests were conducted with
cathode in a long-life primary battery with the LiBr- 10-cell batteries based on FeS2 and the LiCl-KC1
KBr-LiF eutectic electrolyte developed at Sandia. 4  eutectic electrolyte, because data were available for

The low melting point of 313 0 C and large liquidus this design for the earlier long-life battery. The
range of the LiBr-KBr-LiF eutectic, coupled with its optimum heat balance for this design was 92.5 cal/g
good ionic conductivity, make it ideally suited for using Mtn-K TE1400 insulation, for an activation tem-
such an application. In this paper, we present per-
formance and characterization data for long-life perature range of 180 to 37°C, which is not as wide as
Li(Si)/CoS2 batteries discharged under a range of con- that for the present application. Preliminary tests

ditions with LiCl-KC1 and LiBr-KBr-LiF eutectic performed at -30° and +71°C showed that the one-hour
electrolytes, along with comparative data for battery design would not meet the new long-life re-
Li(Si)/FeS2 batteries. In addition, we will discuss quirements.

areas of research that need to be addressed in order Subsequent tests were then conducted using the
to extend the activated lives even more than the LiBr-KBr-LiF eutectic in place of the LiCl-KC1 eutec-
nominal two hours achieved in this study. tic. The test results are summarized in Table 1,

along with the preliminary data for the batteries
built with LiCl-KC1 eutectic. All the batteries used

Exuerimental Procedures the same heat balance of 92.5 cal/g but those with the
low-melting electrolyte were sealed under vacuum, in
an attempt to reduce heat losses. Batteries were

The catholytes used in the study contained 73.5% tested 5 min beyond the original requirement of 3,600
FeS2 or COS 2 , 25% electrolyte-binder (EB), and 1.5% s, to obtain additional performance information.

Li20. (All compositions are in weight percent.) The
cathlyts wee fsed t 400Cfor 6 hurs nde anThe batteries with the low-melting electrolyte

catholytes were fused at 4000C for 16 hours under an showed significant improvement in activated lives over
argon atmosphere prior to granulating and pelletizing. the LiCl-KCl-based ones--especially for cold condi-
The EB used in the catholyte was also used for the tions. However, the battery activated at 820 C
separator. The LiCl-KC1 E8 contained 35% Maglite S exhibited significant overheating with strong evidence
MgO (Calgon, Pittsburgh, PA) and the low-melting EB of thermal decomposition of FeS2 . This manifested it-
contained 25% KgO. The anode was 44% Li-Si and the
heat source was 88% Fe/12% KCIO4 . self by a premature drop in voltage due to the FeS 2 --

-> FeS transition which was the cause of the low
The battery stack was insulated with a single wrap voltage at 3,900 s. These data also show that bat-

of 1-rn blanketR C r oa teries built with the low-melting electrolyte requireFberfrax(R)blanket (Carborundum Co., Niagara less heat input relative to those based on LiC1-KC1.
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The effect of heat balance upon the minimum volt-
Table 1. age during pulsing is shown in Figure 2 for the

batteries activated under hot conditions (82 0 C); com-
Performance Characteristics of 10-Cell Li(St)/FeS2  parable data for the FeS 2 battery with a heat balance
Thermal Batteries Built with LiCl-KCl and LiBr-KBr-LiF of 92.5 cal/g are included for comparison. The best
Electrolytes and a Heat Balance of 92.5 cal/g results for the CoS 2 batteries were observed at a heat

Activ. St. State Rise balance of 85 cal/g. The performance of the FeS2 bat-
Activation Life to Voltage at Time to tery was intermediate between that of the CoS2 battery

Electrolyte T 13V. s 3900 s. V 17.5 V. ms at the lowest heat balance and those at the higher

LiCl-KC1 -30 3,600 Failed 840 heat balances.

LiCl-KCl +71 5,400 16.3 500 20

LiBr-KBr-LiF -54 4,800 17.1 1,196

LiBr-KBr-LiF -40 5,400 17.5 807 N.

LiBr-KBr-LiF +82 5,938 14.1 678 1 0o

* Batteries sealed under vacuum; 100 mA background F
load; 10 A/50 ms pulse applied every 10 min. i]3rKWrjFEuL

Since the use of evacuated batteries did not 0

statistically increase the activated lives over the 0 LOW 2ooo 3=1o 4J= SAW 6Xoo 7AW

standard one, all subsequent tests were conducted with Time's

non-evacuated units. Apparently, the gases generated 0.o Ws92cas 99cs 95 s
upon activation tend to increase the heat-transfer W 9 W

losses that otherwise would not occur under a high
v a c u u m . I ,A b d o* n .. • ,OM.. -

10-Cell Battery Tests
Minimu Pulse Voltage: Subsequent batteries that Figure 2. Minimum Pulse Voltage as a Function of Heat

were tested utilized catholytes based on CoS2 , because Balance for 10-Cell Li(Si)/Netal Sulfide
Batteries Using LiBr-KBr-LiF Eutectic

of its greater thermal stability relative to FeS2 . Electrolyte and Activated at 82°C.
The effect of heat balance upon the minimum voltage
during pulsing is shown in Figure I for 10-cell
Li(Si)/CoS2 batteries activated under cold conditions Intrnal Imedance: The trends in polarization of

) 2 the CoS 2 batteries during pulsing followed those ob-
(-54°C); comparable data for a Li(Si)/FeS2 battery served for the minimum pulse voltage. The relative

with a heat balance of 92.5 cal/g are included for voltage losses were initially comparable for all of
comparison. The best results for the CoS2 batteries the cold batteries but increased rapidly with the on-

set of electrolyte freezing. This occurred sooner as
were obtained at the highest heat balance of 99 cal/g. the heat balance was reduced. The smallest voltage
The greatest voltage loss occurred for the FeS2 bat- loss for the hot CoS 2 batteries occurred at the lowest

tery. heat balance of 85 cal/g.

The pseudo-impedance of the CoS2 and FeS2 bat-
> teries (as determined from the voltage drop and change

1500 - -- .- ..... , in current during pulsing) is shown in Figures 3 and 4

.- i"-. for activation temperatures of -540 and 820C, respec-
tively. The performance trends reflected those

> 100 observed for polarization during pulsing. The initialS7 impedance did not change much as a function of heat
CEBr-KBr-LF n balance for the cold CoS2 batteries. However, the ef-

fect of heat balance was more pronounced for the hot
CoS 2 batteries. The lowest impedance for the hot bat-

0 1.0 2.0 3100 4.O0 5o 6mo 7iw teries occurred at the lowest heat balance.

Time, s The impedance of the FeS 2 battery under hot condi-

(5.0 c g 91.5cr/s 9&2 599cat92.5 eft tions was higher than that for the CoS2 battery at a

, .AIS ,o , aMp.",,o-- heat balance of 85 cal/g and less than those for the
higher heat balances. The impedance of the FeS2 bat-
tery under cold conditions, however, was almost three

Figure 1. Minimum Pulse Voltage as a Function of Heat times greater than that of the CoS2 batteries.

Balance for 10-Cell Li(Si)/M4etal Sulfide
Batteries Using LiBr-KBr-LiF Eutectic Based on the results of the lO-cell tests, a heat

balance of 85 cal/g was selected as optimum for the
Electrolyte and Activated at -54 C. subsequent 18-cell battery design.
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Figure 3. Battery Impedance as a Function of Heat Figure 5. Steady-State Voltage as a Function of Heat
Balance for 10-Cell 1Li(S)/Netal Sulfide Balance for 18-Cell Li(Si)/CoS2 Batteries
Batteries Using LiBr-KBr-LiF Eutectic U

Electrolyte and Activated at -540C. Activated at -S4°C and 82aC

~~~ciae • € --"Aciton Hat -54. A0 t LC f Rase 8200-10 U,0-K 0 -LI EuL •roo o E Table 2.
OM-

- - Performance Characteristics of 18-Cell Li(Si)/CoS2

m Thermal Batteries Built with LiBr-KBr-LiF Electrolyte

SActivation Heat Bal., Act. Life Rise Time

00

0 1*1M010040SM 6X A
rms-54 85 6,000 790

+82 85 9,550 416

-54 82 5,400 688
Ion^ ,oAM-. ~-,of +82 82 9,530 420

•100 HA background load; 10 A/50 ms pulse applied
Figure 4. Battery Impedance as a Function of Heat every 10 mbn.

Balance for 10-Cell Li(Si)/Metal Sulfide
Batteries Using LiBr-KBr-LiF Eutectic Activated lives to 70% of peak voltage of 2.65 hours

Electrolyte and Activated at 820C. were achieved for the hot batteries and as high as
1.67 h for the cold ones. These are the longest ac-

18-Cell Battery Tests tivated lives reported for thermal batteries.
The performance of thermal batteries can sometimes

be impacted as a result of scale up due to changes in Minimum Pulse YVoltage: The corresponding minimum
the rate of heat loss associated with size effects. pulse voltages for these 18-cell batteries are shown
It is sometimes necessary to reduce the heat balance in Figure 6. The trends displayed are similar to
for the scaled-up batteries as a result. For this those observed for the steady-state voltage (Figure
reason, a limited number of tests were conducted with 5).
18-cell Li(Si)/CoS2 batteries at a heat balance of 82 Internal 1Wedance: The internal impedances of

cal/g as well as the optimum heat balance of 85 cal/g the 18-cell batteries are shown In Figure 7. The in-
found for the 10-cell batteries. ternal impedances on a per-cell basis were comparable

Steady-State Vltag: The steady-state voltage for the 10- and 18-cell batteries.
under the 100 mA background load is shown in Figure 5 The sudden increase in impedance reflects the on-
for the 18-cell Li(Si)/CoS2 batteries activated under set of electrolyte freezing. The large temperature

both hot and cold conditions. Better results were ob- range required for activation for the present
tained for the hot batteries at the lower heat 0
balance. However, the decrease in activated life for application--a spread of 128 C--makes it difficult to
the cold battery at a heat balance of 82 cal/g was un- maximize the activated life under both hot and cold
acceptable. The best overall results were still conditions. Increasing the heat balance to extend the
observed with a heat balance of 85 cal/g. lifetime of the cold batteries invariably lead to

overheating of the hot ones at the cold optimum heat
balance.

The performance characteristics for the 18-cell

batteries are summarized in Table 2. (The activated Areas of Future Work
life was defined as the time the battery voltage We are currently pursuing two main areas of re-
dropped below 18 V, either during steady state or search to increase the lifetime of thermal batteries
while pulsing.) even further. These involve thermal management and

thermal stability of the cathode.
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>35F Secndar Heing: A second therm.1-managemeft
approach we are examining is secondary (sequential)
heating. This involves the use of two heat sources inSthe battery. The first would be used as normal and
the second one would be ignited much later in dis-S7charge to provide a thermal boost to extend the

t lifetime of the battery. We are depending heavilyS~upon our thermal mo~del for assistance in this work.

3 ',roved Cathodes: The issue of the thermal

or, stability of the cathode will ultimately determine how
00 • • Thu , ,long a thermal battery can be maintained at a high0 MI m Am 4= "oGo 7o 80W initial temperature after activation. A cathode with

Tun's a thermal stability of 7000 C or greater is desirable
82m 83C 85 WAL2C 82 oft- .5C .. .for such an application. We are currently examining aýW, number of cathode materials with high thermal

stability and with an emf of at least 2 V vs. Li.

Figure 6. Minimum Pulse Voltage as a Function of Heat
Balance for 18-Cell Li(Si)/CoS2 Batteries The requirement for a long-life thermal battery
Using LiBr-KBr-LiF Eutectic Electrolyte and with an activated life in excess of 90 min and an ac-
Activtedt540 0 tivation range of -540 to 820C cannot be met with the

conventional Li(Si)/FeS2 system using the LiCl-KCl
5.0 eutectic. By substitution of the lower-melting LiB-

KBr-LiF eutectic for the LiCl-KCl eutectic, it is4B 0 possible to attain lifetimes of 80-90 min. However,
excessive thermal decomposition of FeS2 results with

3A -the hot battery.10,, Experiments with 10-cell Li(Si)/CoS2 batteries

show that a heat balance of 85 cal/g is optimum for
the new long-life application when using the LiBr-KBr-S,.6.•-a-4" , •,- •' m I ,LtF eutectic. Thermal decomposition of CoS 2 becomes

o d oonoticeable at the highest heat balance of 99 cal/g.

Tifnes In scale-up tests with 18-cell batteries, activated
82=WF.CW0 lives in excess of 2-1/2 h for hot condition and moreJ!L 12C -.5. -4Ca~y than 1-1/2 h for cold conditions can be attained.

m-e *W" •.m .,7mobFurther work is underway to develop alternate insula-
tion and cathode materials to increase the lifetime of
thermal batteries even more.Figure 7. Battery Impedance as a Function of Heat

Balance for 18-Cell Li(Si)/CoS2 Batteries
Using LiBr-KBr-LiF Eutectic Electrolyte and

Activated at -54 and 820C The authors wish to acknowledge the assistance of
L. M. Noya in the construction and testing of the bat-

lurJYfjITheraI insulation: The Mmn-K type of teries.
insulation has the lowest thermal conductivity of any
coercial insulation, other than a vacuum-foil type. This work was supported by the U. S. Department ofThe latter works well only with larger systems, such Enertgy under contract DE-ACO4-94AL85000 and the U.S.as the high-temperature secondary batteries developed Departmnt of Defense through a contract with Wright-
at Argonne National Laboratory for electric-vehicle Patterson AFB.
applications.5 These are impractical for the much
smaller thermal batteries because of thermal shunting References
by conduction at the ends of the battery. This tech-
nology would also be prohibitively expensive and would 1. P. G. Neisw&nder and A. R. Baldwin, SAND87-0143
pose production nightmares in terms of assembly and (October, 1988).
quality control. 2. H. N. Sieger, Proc. 34th Power S ources Symp., pp.

334-338 (1990).
Aerogel insulations, on the other hand, offer the 3. N. Papadakis, Ibid., pp. 339-342 (1990).

potential for even better insulating properties than 4. L. Redey, M. McParland, and R. Guidotti, Ibid.,
Mtn-K under proper conditions. The thermal conduc- pp. 128-131 (1990).
tivity of aerogels can be up to a third of that of S. H. Shimotak, A. A. Chilenskas, R. F. Malecha, and

N. P. Yao, Proc. of 19th Intersoc. Energy Cony.
Mtn-K insulation. 6  There are problem, however, in Eng. Conf., pp. 793-797 (1984).
htgh-telpereture applications because aerogels areEn.Cfp.79-7(18)
high-temspear tu re d applcations bese aerogf ae 86. D. Buttner, E. Humer, and J. Fricke, in Aerogels,transparent to infrared in the region of 3 to 8 J. Fricke, ed., pp. 116-126, Springer-Verlag, New
micrometers. It will thus be necessary to add thermal York (1986).
opacifiers to mitigate this problem. We are actively
pursuing the use of aerogel insulation for thermal-
battery applications as an alternative to Mtn-K.
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EMERGENCY POWER SYSTEM
FOR

THE SWEDISH JAS39 LIGHTWEIGHT COMBAT AIRCRArr

by
Kurt Karhmn

SAAB MILrTARY AIRCRAFT
SAAB-SCANIA

LINKOPING
SWEDEN

I INRJ=.Z H .QI out occurs during flight, the EPS supplies electric and hydraulic pow-
er to the aircraft.

The Swedish JAS39 Aircraft is a single engine, multirole air-
craft - fighter, attack and reconnaissance. It is a small aircraft, to get EMERGENCY POWER SYSTEM (EPS)
low price, low operational costs and a low visibility signature. Fur-
thermore it has superb manoeuvrability, reduced stability and uses a The EPS is the last link in the power supply chain. When needed
digital - Fly by wire - flight control system. it has to start and then produce required power. As die aircraft has re-

duced Stability, no power interrupt is accepted. Most critical is the hy-
The single engine application makes heavy demands upon the draulic supply. With the small hydraulic accumulator installed in the

emergency power system. In this system, high capacity, long life aircraft a starting time for the EPS of max 1.5 sec is required.
Thermal Batteries are used as the power source.

This paper will give a short description of the secondary and
emergency power systems and explain the choice of thermal batter- When the JAS39 aircraft program started, more then 10 years
ies as the emergency power source. ago, a thorough survey of different methods and principles of EPS

were performed. At that time a chemical stored energy system was
SECONDARY POWER SYSTEM proven to be the best and was consequently chosen. A bi-propellant

system with methanol and gaseous oxygen was chosen, because the
The Secondary Power System (SPS) schematic is given in Fig 1. monopropellant Hydrazin was not allowed in Sweden.

SPS can be divided into three subsystems: The hot gas produced in the system could be introduced into the
. Auxiliary Power Unit, APU auxiliary turbine therefore driving the auxiliary generator and hy-draulic pump. No extra accessories are needed for the emergency

2. Aircraft Gearbox with accessories, AGB mode.

3. Auxiliary and Emergency Power System, AEPS During the development phase of the bi-propellent system it be-
came evident that the system could not be produced as a reliable and

Swedish Air Force has required a very flexible base system. safe system within required project schedule. In order to guarantee
Ordinary roads are used for take off and landing. This method of op- the aircraft development scheduie, Saab installed extra NiCd- batter-
eration requires a self contained aircraft without use of Ground Pow- ies and motordriven hydraulic pumps for the emergency power sys-
er Units (GPU). That is the reason why the layout of the SPS was tem. Those systems are heavy but are a proven concept in the Saab
planned as shown in Fig 1. 37 Viggen aircraft. In the prototype JAS39 aircraft the extra weight

JAS39 SECONDARY BCS A __ and high maintenance cost was acceptable.

POWER SYSTEM rYnRAUUc The EPS analysis was then repeated and it became evident that

SIYSTEMu -T YSE thermal batteries with required capacrty and perormance had been
SYSTM Iideveloped.

During the 1980's higher capacity and long life thermal batter-
: its had been developed. Also, small efficient hydraulic packages

were available. The attention was drawn to those advances to form
the new BPS.

SThe most promising battery type was the Lithium Aluminium-
Iron Disulfide battery and SAFT AMERICA INC was given the task"---------- . . I. to develop, test and supply that type of battery.

. ...................

E. C .ABEX,r Germany was chosen to supply the Hydraulic Package

Figure 1 JAS39 SPS schematic.
A joint team with participants from LUCAS - supplier of the

On ground the APU supplies pneumatic power to the auxiliary AEPS -, SAFr, ABEX and SAAB was formed to perform a feasibil-
system which supplies electric and hydraulic power to the aircraft ity study of the new system.
when the main engine is not running. All checks of the various sys-
tens in the aircraft can be performed under this operational mode. If As time was critical only two months were allocated to reach a
a failure occurs in the AGB or its accessories the main engine sup- decision to change EPS philosophy for JAS39 from hot gas to ther-
plies pneumatic power to the auxiliary system. If main engine flame
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mal batteries. A schematic of the new EPS is shown in Fig 2. SAFT undertook to build a number of batteries for the feasibil-
ity testing and ABEX made a hydraulic package available. Testing
was performed at different temperatures and the results were very en-

0C T81r - rcouraging. The tests showed that it was possible to use thermal bat-
- teries for the EPS. Within the required temperature range; thebatteries delivered the required capacity, power and duration; also,

0 T82' they were quick to activate and reacted quickly to load changes.

HP Typical test results are shown in Fig 3.

The battery for supplying the DC-bus was not tested during the
H raulic Power Power feasibility study. However, the study had shown that the proposed

system was appropriate and could do the job.

Figure 2 JAS39 new EPS schematic a DEVELOPMENT AND QUALMFCATION TESTING

Originally two battery designs were needed; One to provide The required output from the hydraulic system is specified as a
power to the hydraulic system and the other to provide power to the hydraulic oil mass flow versus time and the outlet oil pressure is not
aircraft emergency DC bus. From installation point of view two allowed to fall below a certain value. Starting and operating times are
identical battery modules were required for the hydraulic system. also important requirements.

By going to that type of EPS one more hydraulic pump was in- Typical figures of required oil mass flow and operating time is
troduced into the SPS. shown in Fig 4.

Furthermore, no AC-power is available during emergency •,,d .
conditions. It was determined to be acceptable to delete the AC- 30

power if the operating time of the new EPS was increased when II I
changing from hot gas to thermal battery EPS. 20 --1 iI,

4 METHODS AND TOOLS USED TO DEFINE THE ~ h
NEW EPS

The team initiated the definition of an interim system to be 0 - - I - I
used along with real hardware testing to prove out the concept. 0 40 GO 120 Ste 200 20 260 320 WO 400 40 480 520 60o

Specifications along with performance requirements for the final (.)

EPS were defined. Figure 4 Required emergency oil mass flow.

A simulation model of the -"core"- of the hydraulic parts of These requirements were generated from the Flight Control
EPS (thermal battery, DC-motor, hydraulic pump and hydraulic ac- System requirements. Pulse power response from the thermal battery
cumulator) - was generated in order to define and specify the re- is required.
quirements of the system and also to provide the interim system for
feasibility testing. The EPS is designed to operate after an engine flame out at high

altitude down to altitudes which permit APU and engine assisted re-
The model was built for dynamic simulations. All kinds of op- starts. After a successful main engine restart the EPS power is not re-

eration of the EPS could be studied i.e. start, stop, load changes, quired any longer. If it has not been possible to successfully restart
steady state, etc. the engine, the pilot will be leaving the aircraft if he can not reach a

more immediate airfield or if the APU is not operating. It is not pos-
The characteristics of the above mentioned core items were sible to land the JAS39 with only the EPS operating. As a minimum

transformed to equations and actual volumes, masses, torques etc. operation of the Auxiliary Hydraulic system is required for a suc-
were introduced into the model. cessful aircraft landing.

V•A
0 M -/m MPa The battery proposed by SAFT was a lithium primary battery

ST - --RT1 I I OPEl--ATIN- which had low weight/energy-ratio (kg/Ws) and low maintenance
o- -..--- - .cost. It is a Lithium-Iron Disulfide thermal battery with Lithium Alu-

S "'... -.a.• . ........ minium as anode material. The electrolyte is LiCI-KCI-MgO melting

SI \ at approx. 350 °C.

Each module of the batteries has two Electro Explosive Igniters
20-200 .20 (EEI) for firing of the Heat Source (Zr/Ba CrO 4 Fe/KCI04 ) which

0 -W - -melts the electrolyte. Monitoring systems to check if the batteries
¶0100 .". '""have been activated are built into the batteries by fusible links- re-

..... , ,, . . -.. -.,sistance measuring-.

0.0 -o .-0 I 2 80 84 88 92 96100290295 300

Figure 3 Typical feasibility test results.
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Battery characteristics are shown in Fig 5 and the final assem- The hydraulic pump is a 9 cylinder axial piston pump with a soft
bly is shown in Fig 6. See also Ref. 1. cut-off control in order to limit the input/outlet power. Its character-

40 30 istics are shown in Fig 7.

35 ~250 e
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Figure 5 Thermal battery characteristics. 0 &01 0.2 0.3 0.4 0L 0.6 017
0i Flow iorasisee

Fig. 5 shows that when the current drawn from the battery is Figure 7 Emergency Hydraulic Pump characteristics.
pulsed between two limits a corresponding variation in outlet volt- The DC-motor is a 4 brush, air cooled motor, explosion proof.
age is obtained, (high current - low voltage). It is also clearly seen Its characteristics are shown in Fig 8.
that the voltage is decreasing with operational time. Sed-x1 p urn
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(27 2lyerpele Figure 8 DC-motor characteristics. Tru nk

(Z ) A~d~Outline drawing of the EHP is shown in Fig 9.
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Figure 6 Thermal battery assembly. cneto oigarote

Figure 9 Emergency Hydraulic pump/motor.
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Typical results from the simulation model are shown in Fig 10. 3EMNL LIST
Prmuws (MIg)

200 TB hydraulic 24,4 kg
EHP 10,5 kg

W ~ y y~ ~TB electric 10,2 kg
TPU 30,2 kg

1T AECU 7,4 kg
Miscellaneous (Inst) 13,3 kg
Total 96,0 kg

The comparable weight for the original AEPS was 108 kg.

0 60 120 180 240 300 360 420 480 540 600 ACCESSABILIT AND RELIABILITYThme (s)

30 P F .- Tinn - The probability for loss of power from the EPS shall be no more
than 4. lo0 during one hour's flight.

20 The number of Line Replacable Units (LRU) were decreased
from 26 to 11 when going from a hot gas system to a thermal battery

10 system.

09 NON DESTRUCTIVE TESTING

0 60 120 180 240 300 360 420 480 540 600 The Swedish Defense Materiel Administation (FMV) has initi-
Time (s) ated a program with the objective to be able to detect different types

Figure 10 Results from simulation, of failures of the batteries during manufacturing and acceptance
processes and also periodically during the service life of the batteries.

An extensive qualification and rig testing has been performed That method is presented during this conference. See Ref. 2.
with the EPS.

In the aircraft the EHP is tested every 200 flight hour. The fusi-
The system has been successfully tested in the - Iron bird - Hy- ble links are monitored continuously during the flight. The battery ig-

draulic Rig - Flight Simulator at Saab. The battery system has niters are tested with a 10 mA current before every mission. No
"flown" the specified emergency profile by a pilot in the Simulator degradation of the igniters, because of these tests, have been demon-
and it has demonstrated over capacity. Since the battery system has strated according to Ref. 3.
demonstrated excess run time (over capacity), redesign to more
closely match the system requirements would permit reduction in If LIFE CYCLE COST (LCQ
system weight and volume. An activation of the system in an aircraft
on the ground has also been performed to check the installation ef- A comparison of the LCC for the two systems was in favour of
fects. All performed well. the thermal battery system. At this time a service life of the batteries

was estimated to 10 years.
During qualification testing of the system we have experienced

difficulty in meeting the vibration requirements. The failure mode U1 SUMMARY
has been shorted cells.

The EPS in the JAS39 aircraft of the present layout and as de-
The fusible link design has been modified because in the begin- scribed in this paper is now fully qualified and is operative in the pro-

ning consistent and repeatable results were not achieved when con- duction aircraft. The EPS has been given a simple and straight
ducting the system checks. forward layout with a low weight and few LRU's. With the possibil-

ity of monitoring the batteries state of health during the service lifean
Currently the EPS uses three identical thermal batteries to pro- oncondition maintenance will be achieved which will lower the

vide power to the hydraulic system and the emergency DC-bus. LCC.

6 INSTALLATION IN JAS39 Thermal batteries have helped us to solve a difficult design
problem in the single engine JAS39 aircraft. A safe and trustworthy

The installation of the SPS in the JAS39 is shown in Figure 11. system has been installed.
The battery modules are mounted in thermally insulated brackets to
protect the aircraft aluminium structure from heat transfer from the 12
high temperature surfaces of the batteries after activation.

Kauffman, Guy Chagnon. Proceedings of the 35th Power
nafsMt 2 Sources Conf. 1992.

2. Experiences from Developing Electrical Non-Destructive
Testing for Thermal Batteries. Per A. Selinger. Proceed-

•.,m•.&-- d Iings of the 36th Power Sources Conf. 1994.

*1 -- 3. Effects of Repeated Resistance Testing on Firing Ability
p 2 'dMof Igniter EP360-1, G. O'Day. Proceedings of the 36th

U am." r __11 Power Sources Conf. 1994.

Figure 11 Installation of SPS in the JAS39.
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LARGE THERMAL BATTERIES FOR
EMERGENCY AIRCRAFT POWER

Joe Wells and Romy Saltat
Eagle-Picher Industries, Inc.

Electronics Division, Couples Department
"C" and Porter Streets

Joplin, Missouri 64802-0047

Introduction

The JAS-39 Grypen fighter aircraft will use three large
thermal batteries for emergency electronics and/or hydraulic
power in the event of a subsystem or main engine failure. A
thermal battery has several advantages including operation at
widely divergent temperatures without heater power, fast
risetimes to full power, a high energy density, long shelf life, 06.031 MAX
maintenance-free design, as well as environmental and safety
considerations. These advantages led to the selection of a
thermal battery design over other types of battery
electrochemistries, and over alternate systems such as
hydrazine and methanol/oxygen. 500 2441

The original JAS-39 fighter design used one thermal
battery for emergency electrical power requirements and two
batteries for emergency hydraulic power. These batteries were
similar in length and number of cells, but -,ere not identical. 11,32

Due to enhanced cell performance, Eagle-Picher has been able 8.210± .010

to offer a single battery design that meets both the emergency
electrical and hydraulic needs. This allows total inter-
changeability of a single design in any of three required
battery positions in the JAS-39 aircraft. This interchange-
ability allows greater economy of scale in battery manufacture , - -
as well as reduced depot inventory. .020 MAX

Requirements Figure 1. Battery Outline

The thermal battery for the JAS-39 Aircraft is a
relatively large thermal battery at 6.00 inches outside diameter
by 8.21 inches long, weighing 9.5 kilograms. The associated Table 1. Requirements Summary
wiring harness, connector, and bracket assembly bring the total
weight to 10.2 kilograms. A drawing of the battery is shown Size: 6.00 inches diameter x 8.21 inches long
in Figure 1. plus connector, cables and brackets

Weight: 9.5 kg

The battery has a nominal 28 Vdc output with the (10.2 kL ith addedhardware)
requirements summarized in Table I and further discussed Mission Life: 540 seconds
below. The battery design must meet an electronics mission at Temperature -400C to +770C (-400F to +170 0F)
a constant power load of 1.8 kW (approximately 75 to 90 Extremes: plus 30 minute soak at +800C (+1 761F)
amperes average current) for 540 seconds. Alternately, it must Vibration: 10.3 Q for 1.5 hours/axis
also satisfy the hydraulic mission which requires a 75 ampere Voltage Range: 31.5 to 23.0 Vdc (Electronics load)
base load with pulses up to 200 amperes. The constant power 31.5 to 16.0 Vdc (Hydraulic load)
electronics load and the pulsed hydraulic load along with their Electronics Load: 1,800 watts constant loading
voltage requirements are shown in Figures 2 and 3 1 (75 - 90 amps)
respectively. In addition, the battery must also meet peak Hydraulics Load: 75 amp baseload with pulses to
voltage and safety concerns during a low discharge rate of 2 200 amps
amperes. Safety: 2 amps parasitic load
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31.5Vdc MAXIMUM 1Z

23.OVdc MINIMUM I 0. ' -IIOCTA- E

S 1.0~o -a."o " oi -

0 540 0.01 -

*(+25 TO +80"C) TIME (SECONDS) o0 100 t000 10000
**(-40 TO +25C) FREQUENCY (Hz)

Figure 2. Electronics Load Profile Figure 4. Endurance Vibration Profile

31.5Vdc MAXIMUM
0.

16.OVdc MINIMUM [-3IriOCTAVEE-.. 200A I Z: i ii i i I] l!•, , • ,~~
2 0 0 "< 0I ll lI ll l l i I J l

E .40 SEC -V--1.00 SEC I10A

90 90~

1.2 .6- 40 70 170 410490 540
*(+25 TO +80C) TIME (SECONDS) 0.01 1 100 000.000

**(-40 TO +25"C) 10 100 1000 1000

FREQUENCY (Hz)
Figure 3. Hydraulics Load Profile Figure 5. Operating Vibration Profile

The battery activation time shall be less than 1.2
seconds at temperatures above 25°C and less than 1.6 seconds Design Approach
at temperatures between -40'C and 25°C. Activation time is
the time interval between the initiation signal and the time at The JAS-39 Battery (Eagle-Picher Part Number EAP-
which the battery output reaches 26.0 volts at a 90 ampere 12188) was designed with three stacks of 16 cells connected in
load. The battery must meet the electrical performance parallel as shown in Figure 6 in order to meet the peak voltage
requirements after extreme temperature stabilization from requirement of 31.5 Vdc and to reduce the current density.
-40'C to 77°C followed by exposure to 80°C for 30 minutes. The cells outside diameter is 5.00 inches and the inside
The battery must withstand a rigorous endurance random diameter is 0.312 inch, yielding an effective area of 19.56
vibration (see Figure 4) of 10.3 Gm,. for 1.5 hours applied square inches or a total cell area of 58.68 square inches (378.6
along three mutually perpendicular axes. The operating cm 2) for three stacks connected in parallel. The battery was
random vibration profile is shown in Figure 5. developed with standard compositions for all the active

materials. The anode contains 44% Lithium(Silicon) alloy and
the cathode is Iron Disulfide. The electrolyte is a mix of LiF,
LiCi, LiBr, and KBr with 35% magnesium oxide as the binder.
The heat source is a standard 84/16 Iron/Potassium
Perchlorate. Dual electrode cell construction was used to
reduce degradation of the anode and cathode and moderate the

thermal energy generated by the heat source in order to
achieve performance over the long mission of the battery.
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S- S+S- + •Typical performance under the electronics load of 1.8
I _ kilowatts at high and low temperature extrewes are depicted in
+27V I R Figures 8 and 9 respectively. The low temperature stabilized+ 27V RTN battery has a shorter operating life of 600 seconds compared to

END H1,000 seconds for the high temperature stabilized battery. The
E HEAT & INSULATION operating lives of the low and high temperature batteries are

_ _ _ _ unbalanced by design. To optimize the safety of the battery
when installed in the aircraft and during operation under a

TYPICAL CELL: parasitic load of no more than 2.0 amperes, the amount of heat
1CLLSi ANODE input to the battery was kept to a minimum. This was

ELECTRODE DISC ELECTROLYTE accomplished by reducing the weight of the pyrotechnic pellet
HEAT CATHODE of each cell with the minimum calorific input to support the

LASI ELECTRODE
HEAT PELLET mission life of 540 seconds with an approximately 60 second

16 CELLS ELECTRODE margin when operating at the low temperature extreme.

"+ - _-FeS2
HEAT

ELECTRODE DISC
+ FeS2

16 CELLS

- LASi 301 20
25 1T

END HEAT & INSULTO 20 go

0 1~o I

Figure 6. Cell Stack 15 60

10 L3-2240Actual Performance 0 +77C 420

Typical performance under the hydraulic load profile at 20

the low temperature extreme is shown in Figure 7. The battery 0_0
performed for 1322 seconds when subjected to the hydraulic 0 1.22 2.44 78 200 322 444 540 683 810 932
load shown in Figure 3 after stabilization at -40'C. The TME (SECONDS)

battery potential dropped from 28.70 volts to 24.70 volts when
the 200 ampere pulse is applied after operating under a 90 Figure 8. Performance Under Electronics Load
ampere base load. The voltage drop indicates the battery
impedance is 0.036 ohms with the Area Specific Impedance
(ASI) 0.065 ohm-cm 2/cell (0.010 ohm-in2/cell). The
impedance stayed relatively low under the final pulse at 490
seconds. The ASI is 0.58 ohm-cm2/cell (0.09 ohm-in2/cell), 30 120

with an excellent voltage margin above the 16.0 Vdc 3

requirement. 100

S20 s
30 350 20

25 300 -22-2I "-
0 1 40

?20 250 0

Wo 200 20
15 AO

0 5150 00 84 1.68 2.52 48 138 216 300 334 463 552 594

ETIME (SECONDS)

5 50 Figure 9. Performance Under Electronics Load
0 0

TIME(SECONDS)

Figure 7. Performance Under Hydraulics Load
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When subjected to a parasitic load of 2 amperes, the Based on actual electrical performance, allowable
high temperature stabilized battery performed for more than maximum and minimum voltage levels and physical properties,
10,000 seconds (2.8 hours) to 23.0 volts, and approximately the energy density and specific energy of the battery are shown
13,500 seconds (3.8 hours) to 0 volts as shown in Figure 10. in Table 2.
There was no detrimental effect on the structural integrity of
the battery container as a result of exposure to the parasitic
load. Under this worst case operating condition, the battery
case temperature did not exceed 300 *F as depicted in Figure Table 2. Battery Energy Density and Specific Energy
11. The low case temperature was achieved by the use of
Fiberfraxe and high efficiency, flexible Microtherm® Operating Temperature W-HR/KG W-HR/L
insulation. -400 C 31.70 78.97

35 +77 0C 52.83 131.61

30

25 Operating Temperature W-HR/LB W-HR/IN25 -40°F 14.41 1.29

•2o M3-2 0 -3  +170°F 24.01 2.16

S15 +71 *C

0 10 Conclusions
5 The EAP-12188 Thermal Battery has been subjected to

0 67 531 1852 3192 4532 587 722 8552 992 11232 electrical performance and rigorous environmental testingTIME (s6co145 5) during development, design verification phase, andqualification testing. The battery as designed by Eagle-Picher

d2 Amperes Industries Inc., meets all the rigid specification requirements of
Figure 10. Elctrical Performance Under 2Athe JAS-39 Aircraft.

,3001 Due to the relatively large size and performance
requirements of this battery design, future high power

0batteries can be enhanced from this baseline design. Foreseen

200 applications include other types of fighter aircraft, commercial
150 M3-20-1 aircraft, torpedo, and sonobuoy applications.

l100 77 0 C

.50
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THERMAL OPTIMIZATION OF LI(AI)/FeS2 THERMAL BATTERIES
Frank C. Krieger

Reserve Battery Technology Branch
Electronics and Power Sources Directorate

Army Research Laboratory
2800 Powder Mill Road

Adelphi, MD 20783-1145

Introduction kg, 120-s lifetime) designed to deliver 90 A-min coulombic capacity to
a small aircraft motor. The GPS battery is a small battery (II to 16 V,

Ordnance-type Li(AI)/FeS, thermal batteries have operating tern- 1.2 A, 33.3-mm diameter, 35.8 mm tall, 80 g, 145-s lifetime) designed
peratures ranging from 400 to 600*C and are often limited in their to deliver 2.9 A-min coulombic capacity to an artillery fuze. Both
lifetimes by heat transfer rather than by electrochemical depletion. The batteries use the electrochemical system Li(AI)/LiCI-LiBr-LiF eutec-
electrochemical capabilities of these systems have been extensively tic-MgO/FeS 2. The MANLOS battery, with its large size and simple
researched, and significant improvements in power and energy densi- geometry, is an excellent vehicle for heat-transfer studies, while the
ties of the electrochemical cells themselves are not expected.' It does GPS is a small high-spin battery (ultimately 275 rps) with more typical
appear, however, that many such production-type batteries could be thermal-battery heat-transfer engineering characteristics. Both thermal
made significantly smaller by improved heat-transfer engineering, batteries have typical internal construction in that they are both right

In practice, the heat balance and geometry of most production circular cylinders with heat pellets in the end thermal insulation for
Li(AI)/FeS, batteries are determined empirically. A previously suc- heating the thermal insulation external to the cell stack (Fig. 1); they do
cessful ratio of pyrotechnic to cell weight is often used at the beginning not include specialized heat sinks.
of a development program. Batteries are constructed and tested. The
ratio of pyrotechnic to cell weights and the amount of pyrotechnic Heat Losses and Heat Generation:
material used at other points in the battery, most notably in the thermal MANLOS and GPS
insulation at the cell stack ends, are then adjusted as necessary to
produce the required electrical output for the required lifetime. Identical cell chemistries and powder batches, processed at ARL.

Computer analyses of the heat-transfer engineering are often done Adelphi, were used in both MANLOS and GPS programs. Batteries
based on thermocouple measurements made during operation. These were run in vented as well as in sealed condition so that the effect of the
analyses do not usually include detailed consideration of the internal gas environment could be verified. Temperature measurements were
battery gas environment or of any heat sinking methods that vary made with type-K (chromel-alumel) thermocouples. The thermocouple
significantly from those originally chosen. In the past, such consider- wires were spotwelded to the cell covers, and the wire diameters were
ations have not been necessary. Very small batteries can be made with varied from 0.254 to 0.0762 mra, as a test of the effect of transients and
simple heat-transfer engineering because of the inherently high power heat losses along the wires in regions of high-temperature gradients.
and energy densities of the electrochemical cells (Table I). During the initial temperature transients, readings were taken at a rate

Control of the battery gas environment, especially reduction of the of 1000/s. The chemical compositions and masses of the MANLOS and
amount of high-thermal-conductivity hydrogen gas, combined with the GPS thermal cells and thermal insulators are shown in Table I.
proper choice of geometry, heat sinking, and chemical heat generation
from within the cells, can contribute to significantly smaller, more 9e.85dia Molded96.85 '- Min-k
lightweight batteries. Heat-transfer engineering becomes particularly 76.20 dia plus Cequin
important as the batteries become smaller and as the required lifetimes
increase 2 Combining previous experimental results with finite-ele- 9.00 12.70 MANLOS
ment analysis methods now available should provide a more compre- 70hensive picture of thermal-battery heat transfer and permit more rapid 76.5 ll1l•

analyses of proposed future thermal-battery applications. c615 wi Molded Min-k
This paper describes some of the work that was done on two 61 End insulation

present (and very different) thermal-battery applications, the MANLOS PSiets heat pellet
(Man-Portable Non-Line-of-Sight) airplane and GPS (Global Position- 0.69
ing System) artillery shell. The MANLOS battery is a large thermal .-
battery (38 to 50 V, 40 to 100 A, 98.4-mm diameter, 82.6 mm tall, 1.45 156

5.61 1.56

Table 1. MANLOS and GPS Thermal Cell Characteristics Molded Min-k
(averaged values for Individual cell stack pellets) plus Cequin 32.51 di"

End insulation 19.05 dia-
A. MANLOS: 28 thermal cells with 29 heat pellets B. GPS: 9 thermal cells with 10 heat pellets heat pellet K 1
Component Mass Diameter Thickness Component Mass Diameter Thickness N1 1 i , 4.13

(g) (mm) (mm) (g) (mm) (mm)
Heat pellet 11.3255 76.2 0.6030 Heat pellet 0.3990 19.05 x 3.175 0.3518 GPS T 'Molded -- -- 3.42 6.34
E/C pellet 12.0000 76.2 0.8626 E/C pellet 0.4173 19.05x3.175 0.4770 o 9 them 11.0
A pellet 3.8124 74.9 0.6172 Apellet 0.1274 19.05x3.175 0.3119 32.21 Icelswitth 1
SScollector 2.8100 76.2 0.0831 SScollector 0.1716 19.05x3.175 0.0831 1 hestpelets
Total battery thermal insulation mass: 207.54 g Total battery thermal insulation mass: 17.53 g I -

_ _ _ _ _ _ _ _ _ oddM~ 10.24
C. Thermal cell chemical compositions: Both D. Realized power and energy densities for L M 6 10.24

MANLOS and GPS (weight percents) MANL OS electrochemical cells E.52
End insulation

Heat pellet is Fe/KCl04(84/16) 1. 80 W-Hr/kg heat pellet
E/C pellet is E/C (35/65) 2. 242 W-Hr/I
E is MgO/LiCI-UBr-LiF eutectic (45/55) 3. 5.32 kW/kg Figure 1. Internal battery constructions. All dimensions are
C is FeS2/Fe/E (78/2/20) 4. 16.13 kW/ In millitmeters. Bottom end Insulation heat pellet thickness
A is Li(AI) alloy (20/80)/LiCI-UBr-LiF eutectic (90/10) Includes one 0.0813-mm-thIck stainless steel cell cover.
SS is 304 stainless steel There Is no heat pellet In stack top Insulation of MANLOS.
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The production MANLOS batteries are to be vented on initiation diameters of 3.175 mm at the top, bottom, and center of the cell stack.
to reduce the battery case mass, while production GPS batteries are to The bottom end insulation heat-pellet thermocouple also used one of
operate with sealed cases. For the sealed GPS experiment. this paper these cell covers, which was placed directly on top of the bottom end
presents temperature-time curves for a battery with two thermal cells insulation heat pellet on the cell stack bottom side. This cell cover was
partially short circuited to demonstrate the amount of heat that can be separated from the cell stack bottom by a 3.543-mm-thick Min-k disk.
generated from chemical exotherms in these thermal cells. The GPS reusable steel case test fixture was 18 mm thick on the sides,

The temperature-time curves for MANLOS batteries in the vented with a header thickness of 7 mm and a bottom thickness of 5 mm.
condition (Fig. 2) and GPS batteries in the sealed condition (Fig. 3) are Temperature-time data for MANLOS and GPS batteries are shown
shown below. For both the MANLOS and the GPS batteries, the top and in tabular form in Tables 2 and 3. These data can be used with the data
bottom cell thermocouples were spotwelded to cell covers placed at the of Table I and the geometry shown in Figure I for independent heat-
extreme ends of the cell stack. MANLOS batteries used a double cell transfer studies. Calculated thermal conductivities for MANLOS and
cover at the stack ends to help carry the heavy current. The center cell GPS batteries, assuming that all the insulation has the same thermal
thermocouple for MANLOS was spotwelded to the cover of the 14th conductivity, are shown in Figures 4 and 5.
cell from the top of the 28-cell stack, and the cell cover was placed The straight-line comparison of the insulation thermal conductiv-
between the heat pellet and the anode. A fourth MANLOS stack cell ity versus temperature in Figures 4 and 5 is an experimental value for
cover thermocouple was similarly placed in the 25th cell from the top a previous sealed heat-transfer experiment' in which only copper and
of the 28-cell stack. The individual MANLOS cell covers were all 84/16 Fe/KCIO4 pyrotechnic heat pellets were used with only Min-k
0.0813-mm-thick 304 stainless steel. 76.2 mm in diameter. blanket thermal insulation. This arrangement was used to eliminate the

The MANLOS thermocouple that monitored the bottom end highly thermally conduc-
insulation heat-pellet temperature was spotwelded toa regular MANLOS tive hydrogen gas known Table 2. Experimental MANLOS
cell cover that was placed directly above the bottom end insulation heat to be evolved from other Temperature-Time History
pellet. Above this cell cover was a 3.353-mm-thick Min-k disk followed thermal cell components. Temperature V°C)
by the cell stack bottom (positive stack end). Below the bottom end The thermal conductivi- Time 1st 14th 28th End ins
insulation heat pellet was a 1.435-mm-thick Min-k disk, followed by a ties of the thermal insula- (s) Case cell cell 25th cell heat
0.127-mm-thick mica bottom liner above the steel case bottom. tion in the vented (top) (center) cell (bottom) pellet

The total internal length of the vented MANLOS battery was 76.15 MANLOS battery (Fig. 0 24 25 25 25 25 25
1 24 702 367 367 636 817

mm. The top thermal insulation including the lid liner consisted of 4) are about 40 percent 2 24 611 438 475 69 673
Min-k (6.79 mm). mica (0.254 mm), and Cequin (1.245 mm) disks, greater than the values 5 25 590 499 532 555 579
along with glass tape (0.711 mm). The side thermal insulation was a estimated by the manu- 10 25 574 504 543 545 525
Min-k blanket' with a Fiberfrax and glass tape sidewrap. The MANLOS facturer. This is probably 15 27 566 504 532 552 495

20 27 561 504 527 555 455
reusable steel case test fixture was uniformly 25.4 mm thick on the top, because of the previously 30 28 557 504 522 555 403
sides, and bottom. mentioned hydrogen. 40 29 553 506 520 550 362

The sealed GPS battery had 304 stainless steel thermocouple cell The manufacturer's 50 29 550 508 520 546 331
60 29 549 512 520 543 304covers 0.0813 mm thick, with outer diameters of 19.05 mm and inner value forthe thermalcon- 70 30 542 513 520 534 2831000 ductivity of the Min-k 80 30 539 514 520 531 265

blanket in air is 0.6980 x 90 32 535 515 520 526 253
100 32 533 518 520 522 241

800 ----- Case 10-4+ 1.005x 10'xT1 or 110 33 531 520 520 520 234
End Insulation Heat Pellet 0.899 x l0-4 cal/s-cm-0C 120 33 529 522 521 520 227
1st Cell (To)

-.... 14th Cell (Center) at 200'C (where T, is the 130 34 528 528 527 520 221
-....-.- 25th Cell 49

600 -- ÷-- 28th Cell (Bottom) median temperature of 140 35 531 53 534 520 218inslaton n t50 36 53 543 54 520 214

the thermal insulation in 160 37 532 548 544 520 210
0C). This is compared 170 37 532 555 545 523 209

400 with the vented MAN- 180 38 538 557 550 525 207
190 39 540 562 549 525 204E LOS measured thermal 200 40 541 561 549 525 202

1! conductivity of about 1.3 4W0 50 538 582 553 527 214
x lO4 cal/s-cm-0 C (Fig. 600 59 522 573 541 519 216

800 66 508 560 530 506 219
4). The molded Min-k 1000 74 491 541 513 491 219
used on the MANLOS 1200 80 472 520 497 475 216

1000 2000 3000 4000 5000 6000 7000 8000 and GPS stack ends may 1400 85 455 497 476 457 215
Time, s havethermalconductivi- 1600 90 437 476 456 438 212

1800 93 420 456 438 422 209
Figure 2. MANLOS battery temperatures ties 20 to 40 percent less 2000 96 403 438 422 405 205
(fired in the vented condition at 250C). than those of the Min-k 2200 99 386 420 404 391 202

1200" blanket in the vented 2400 100 371 403 391 375 197
2600 103 358 386 378 361 194

MANLOS gas atmo- 2800 104 346 375 365 351 190
1000 ----- Outer Case Side sphere. 3000 105 334 361 354 338 187

- I--. 1st Cell (Top) The method used for 3200 105 327 349 343 328 184
800 ---...--- 4th Cell (Center) 3400 105 319 337 331 317 182the heat-transfer analysis 3600 105 311 327 322 306 179p - - "- 9th Cell (Bottom) of the time-temperature 3800 106 303 318 310 297 173

600Boto Is t elet curves has been reported 4000 106 295 31 0 301 289 171
elsewhere.' Although the 4200 105 287 301 293 281 168

4400 105 280 294 285 274 165
1400 -.. battery is not operating 4600 105 273 285 278 267 163

E in a thermodynamically 4800 104 265 277 270 259 160
1!4200 r-"evmersis manner, the 5000 104 258 268 262 252 157

25200 103 250 260 254 245 154
actual exotherms or en- 5400 102 243 252 247 238 151

0 dotherms that occur can 5600 102 236 245 240 232 148
be measured directly 5800 101 230 238 233 225 146

6000 100 223 231 226 219 143
-200 from the cooling curves. 6200 99 217 225 220 214 140

0 100 200 300 400 5o0 600 These results can then be 6400 98 212 219 215 208 138
Time, 9 compared to the basic 6600 97 206 213 209 203 135

Figure 3. GPS battery temperatures thermodynamics of the 6800 96 201 207 204 198 133
6885 95 199 205 201 196 132

(fired in the sealed condition at -461C). system.' Space does not
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permit suchadetailed analy- Tabl 3. Experimenthl OP snwy 2.5
sis in this paper. Indepen- Tafluto-Thfl History
dent analyses can be done Temperatum (*C)
withthetabulardataandth Tme ist 4th 9W Bottom K-.440x10-+S6a 1-x Togeometric theitgulres su id. (s) Case col cll cell end ins. 2.
geometric figures supplied. (top) (center) (bottom) heat
The two major points that pelte
should be emphasized for 0 4 -46 -48 -43 -48 X
practical battery technology 1 -46 295 490 295 942 .. 15'Mas'
are the large contribution of 3 -46 445 467 388 1004
hydrogen gas, increasing 7 -46 464 471 403 969
thermal conductivity and 10 -46 479 478 431 941

subsequently shortening 20 -46 532 549 480 830 EI
thermal-battery life, and the 30 -45 573 s5 502 745
large amounts of heat that 40 -45 595 549 513 674
are generated by the electro- 50 -43 597 572 522 605
chemical cells in the - 9o 5 537 546 0.51

70 -42 584 598 546 490 0 1;0 200
MANLOS and GPS batter- 78 -41 576 602 550 454 Median Insulaton Temperature (T), IC
ies. 80 -41 574 616 550 446 FIgure 4. tANLO h thermal Insulation thermal conductlvities

The diluent gas atmo- 90 -40 583 614 548 405 compared with copper-ha all Stak measuemonts.
sphere in the thermal insula- 100 -40 550 602 542 373 5-
tionoftheventedMANLOS 110 -39 538 587 531 347 0

120 -39 524 569 520 322
battery remained at atmo- 3o -38 506 556 515 3004s
spheric pressure and con- 140 -38 487 541 506 280 : 4

sisted of air (oxygen and n i- 150 -37 468 522 494 262
trogenpartiallyreactedwith 160 -37 450 504 478 247
Li(AI) alloy) contaminatd 170 -37 432 487 465 234 X 3 K 1.449x104+3351 xl1..7x T,180 -37 414 471 449 220 2
by a small amount of hydro- 190 -37 398 452 433 209

gen gas. Some gases such as 200 -37 382 438 420 197 2
methane and ethane would 250 -35 314 360 348 152
have been present from 300 -35 256 295 285 117
breakdown of some of the 400 -35 167 190 188 67 8 1 E500 -35 101 116 116 31
glass adhesive tape, but these 600 Copper-Heat Pellet Slack

gases would not have had a _.
large effect on the thermal conductivity of the thermal insulation. In 0 100 200 300
light of this knowledge and the data for the vented MANLOS battery Median Insulation Temperature (T., OC
(Fig. 4). it seems unlikely that the effective thermal conductivity of all Figure 5. GPS thermal Insulation thermal conductvities compared
the thermal insulation was ever much different from 1.3 ± 0.2 x 10-4 cal/ with copper-het pellet stack measurements.
s-cm-°C during the first 1100 s of cooling to an average cell stack
temperature of 500'C. On this basis, the entire amount of heat lost from is 193 cal/°C (458 to 435°C). so that PR heating at the 100-A rate should
the MANLOS battery during the first I 100 s after ignition was 23,738 result in an increase in the cell stack temperature of 239/193 = !.24°C/
cal (1.3 x 10-4 cal/s-cm-0C x 332 cm x 5000C x 1100 s = 23,738 cal; s whilethe 100-Acurrent is beingdrawn, if no heat is lost from thecell
Table 1, Fig. 2). stack.

The effective amount of heat yielded by the cooling masses during For the GPS battery, Figure 5 combined with previous experience
this time interval was 7724 cal. After we allow for the amount of heat suggests that the effective thermal conductivity of all the thermal
required to establish a near-steady-state temperature gradient' in the insulation during the first 195 s as the cell stack cooled to its minimum
thermal insulation (9577 cal), the amount of generated heat was more operating temperature of 435"C was never much different from 4.1 x
than three times the amount ofheat obtained from natural cooling ofthe I10' cal/s-cm-°C. For an average effective cell stack temperature of
battery components (23,738 - 7724 + 9577 = 25,591 cal). The amount 500'C (Fig. 3) and a shape factor of 35 cm, the total heat lost from the
of generated heat was greater than the entire amount of the heat loss cell stack during this time was approximately 1511 cal (4.1 x 104 cal/
from the battery during this time interval (note the nearly constant s-cm-°C x 35 cm x [500- (-40)]0 C x 195 s = 1511 cal). The effective
average cell stack temperature). amount of heat lost from cooling of the GPS components during this

The cooling curve also shows that the rates of heat generation vary time was only 366 cal, so that a total of I 145 cal (3.4 times the heat from
greatly over short temperature intervals. Some ofthis behavior might be natural cooling) was generated from these cells. The amount of heat
related to local breakdown of the separator layers and chemical required to establish the initial near-steady-state temperature gradient
nonuniformities. while some of the behavior can be attributed to natural in the thermal insulation was 849 cal, so that a total of 1994 cal (1511
exotherms and heating due to internal resistances (PR, where Iis current - 366 + 849) was generated from the cells. This is 5.4 times the total
and R is internal battery resistance) that occur during cell operation.- amount of heat available from the natural cooling.
Because the temperature changes used to measure these exotherms are The internal resistance of the GPS battery measured at 60 and 120
small and the thermocouples are in an active chemical environment, s by the current interrupt method was 0.6 Q. The 12R heating under the
some of these variations may be caused by thermocouple error. Differ- 1.2-A current was therefore only 0.21 calls compared with the measured
ential scanning calorimetry (DSC) analyses should be used to confirm heat loss rate during operation of 7.8 calls.
exotherms and endotherms measured from Table 2 data.

The internal resistance of the MANLOS battery was measured by Transient Experimentation
the current interrupt method to be 0.0967 Q at 5.4 s, 0.102 Q at 16.7 s,
0. 111 f at 60.8 s, 0.! 13 Q at 121.2 s, and 0.132 Q at 151.4 s. The total For the 84/16 weight percent Fe/KCIO 4 pyrotechnic heat pellet
resistance of the MANLOS internal 304 stainless steel leadwires was fired under adiabatic conditions at -40*C, the calculated peak tempera-
calculated at 0.018 Q. If the internal battery resistance is 0.1 Q, most of ture is 1413'C. The thermal cells of MANLOS and GPS types of
the PR heating will be applied to the cell stack. This PR heating at 100 batteries generally should not exceed about 620*C. Defining the initial
A will be 239 calls and at 40 A will be 38.2 cal/s. From the computer transient temperature conditions within the first few seconds of pyro-
programs, the effective thermal capacity of the entire MANLOS battery technic ignition can be a major difficulty. This is particularly true at the
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ends of the cell stack, where large amounts of pyrotechnic materials are TOale 4. Experiental GPS Transient Tomiperamtu
usually required to prevent excessive cooling of the thermal cells into (0.254-f lle chrome-lumel thmocouple wires)

the thermal insulation heat sink immediately following battery initia- (-46°C ambie)
tion. Temperature (°C) Temperature MC)

When the battery is initiated, heat is lost very rapidly from the Time 9th Bottom end Time 9th Bottom end

pyrotechnic materials and the cell stack until a near-steady-state tem- (s) cell insulaboin (s) cell insulation
perature gradient is established in the thermal insulation. Soc studies (bottom) heat pellet (bottom) heat pelt

0.0 -46 -45 1.3 381 970

of this initial transient behavior in MANLOS and GPS are shown below. 0.1 131 540 1.4 384 973
The results are discussed briefly and are shown in tabular form to 0.2 216 734 1.5 381 979
facilitate further heat-transfer studies. 0.3 274 809 1.6 381 962

For most applications, it has been found experimentally that 0.4 309 856 1.7 386 964

optimal lifetimes are obtained when sufficient pyrotechnic material is 0.5 330 887 1.8 382 989
0.6 347 907 1.9 384 992

added within the thermal insulation to heat the thermal insulation to the 0.7 359 920 2.0 381 994
same initial temperature as the thermal cells. Although the excess heat 0.8 368 930 3.0 384 1006
is lost rapidly, this technique prevents rapid initial temperature loss 0.9 374 941 4.0 386 998
from the thermal cells because of the thermal insulation heat sink effect. 1.0 374 950 5.0 426 989

The computer programs used for the thermal optimization of the 1.1 378 957 5.7 398 980

MANLOS and GPS thermal batteries include the pyrotechnic heat 1.2 380 965 1

necessary to heat the thermal insulation to the cell temperature. With 1200
these computer programs2 the calculated peak temperature of the
MANLOS battery was 522°C when the battery is fired at +25TC. while iooo
the measured value was 5420C at 7.5 s and 5470C at 300 s, if the stack
temperature is calculated as l/4(top + center + 25th cell + bottom) 8o
thermocouple readings (Fig. 2, Table 2). The calculated peak tempera- 0
ture for the GPS battery when the battery is fired at -460C is 518'C. 600
while the measured value is 518 0C at 25 s, if the stack temperature is
measured as 1/4(top + 2 x center + bottom) thermocouple readings (Fig. 400
3. Table 3). The GPS stack temperature later increased to 5870C at 85
s because of the heat generated by the two short-circuited thermal cells. 200

Individual thermal cell heat balances may differ markedly from the 0 Bottom Thermal Cell

total thermal-battery heat balance if large amounts of thermal insulation 0 - Bottom Ins Ht Pellet
are used in the battery. For the MANLOS battery, sufficient pyrotechnic
was added to each MANLOS thermal cell to raise the individual cell _200

temperature from 25 to 584*C. For the GPS thermal cell. enough 0 1 2 3 4 5 6
pyrotechnic was added to each cell to raise the cell temperature from -46 Time, s
to 488*C. For most previous designs, the measured peak temperature of Figure 6. GPS transient temperatures (sealed condition at -46WC).
the center thermal cell has been within ±20'C of the calculated peak
temperature of the individual thermal cells when the 0.254-mm-diam- Table 5. Expermental OPS Transient Temperatures
eter type-K thermocouple wires are used. (0.0762-mm-diameter chromel-alumeln Termocouple wires)

The initial transients for the sealed GPS battery bottom thermal (251C ambiento)
cell and end insulation heat pellet are shown inTable4and Figure 6. The Temperature (C), Temperature ('C),
calculated adiabatic peak temperature of this end heat-pellet nest was Time bottom end insulation Time bottom end insulation
13770C, and the thermocouple read the highest value recorded of (s) heat-pellet nest (s) heat-nellet nest

I 006°C at 3.00 s after the initial recorded temperature rise. The highest Top Center Bottom Top Center Bottom

measured heat-transfer coefficient for heat transfer from the heat pellet 0 24 26 24 0.09 219 1079 932
into the cell cover was 49.3 cal/cm2 -s. 0.01 18 40 21 0.1 569 1248 996

In a separate GPS experiment, small-diameter (0.0762-mm) ther- 0.02 29 273 31 0.11 793 1270 1043
mocouple wires were placed in the GPS bottom end insulation heat- 0.03 22 498 26 0.12 929 1265 1100

0.04 20 534 247 0.13 1007 1237 1121
pellet nest to help define the initial heat-pellet transients. The bottom 0.05 21 736 598 0.14 1047 1245 1116

end heat-pellet nest for that experiment consisted of seven heat pellets 0.06 29 847 742 0.15 1094 1262 1137
of total thickness 2.718 mm. Three thermocouple cell covers, each 0.07 38 935 830 0.2 1171 1223 1161

0.08128 mm thick, were placed in the end insulation heat-pellet nest. 0.08 173 994 879 0.3 1198 1234 1176

After the very bottom (positive) cell cover of the separate experi- 10000
ment GPS cell stack was a Min-K disk 3.442 mm thick. This was
followed by a 0.08128-mm-thick thermocouple cell cover, which was
the top thermocouple of the end insulation heat-pellet nest. Then came
three heat pellets of tatal thickness 1. 194 mm (1.4839 g), followed by 0
a double (2 x 0.08128 mm thick) thermocouple cell cover. The thermo- 0

couple wires (0.0762 mm in diameter) were spotwelded between these
two cell covers. Directly below were four more heat pellets of total ; £ •
thickness 1.524 mm (1.9401 g). At the very bottom of the end insulation
heat-pellet nest was the third thermocouple cell cover. Beneath this cell 10 Top
cover was a 3.467-mm-thick Min-k disk that rested on the steel case ----. Coter
bottom. High-speed transient data for the GPS end insulation heat
pellet- with the 0.0762-mm-diameter thermocouple wires are shown in
Table 5 and Figure 7.

The semilog plot of Figure 7 is of interest because it has been 10
shown previously6 that heat transfer from heat paper into copper under 0.00 0.10 0.20 0.30

thermal-battery conditions often shows a linear relationship for the plot Time, s
of the logarithm of the temperature difference versus time. This rela- Figure 7. GPS end Insulation heat pellet transient temperatures

(vented condition at 25°C).
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tionship implies that all the heat transfer occurs from conduction (no Tale IL Pxull el EALO Transient Temperaem
radiation or convection) if cancelling errors are absent. Since Figure 7 (02-1 N PANw dvwoenmfml tmwuwdseup wire)
does not show this straight-line relationship, the heat-transfer coeffi- (250C abi5i)
cient is temperature dependent, and radiation heat transfer is probably Temps'mtww ('C) Tomprag" (VC)
present. Tom Cwnuu Bo~om End e. Tim Ce.ta Bosom End vns.

The calculated adiabatic peak temperature of this end heat-pellet (8) coN cg ot l ( ia cog ll t"
nest was 1365°C, and the middle thermocouple read the highest value p"_er p"il
recorded of 1270°C at 0. 11 s after the initial recorded temperature rise 0.0 24 22 23 0.36 115 250 73

(about 93 percent of the theoretical value). The highest measured heat- 0.03 27 21 23 0.37 115 290 75
0.06 29 26 17 0.38 116 316 770transfer coefficient from the heat pellet into the cell cover was 336.6cal/ 0.1 32 31 21 0.39 120 349 786

s-cmi. 0.15 36 32 32 0.4 121 375 796
The initial transients for the vented MANLOS battery bottom 0.2 43 51 44 0.44 144 464 820

thermal cell and end insulation heat pellet are shown in Table 6 and 025 57 71 100 0.47 158 533 822
0.26 62 76 199 0.5 173 575 617Figure 8. The logarithm of the temperature difference versus time is 027 68 83 265 0.6 220 639 807

again nonlinear. The calculated adiabatic peak temperature of this end 0.26 73 81 353 0.7 257 628 790
heat-pellet nest was 1317°C, and the thermocouple read the highest 0.29 62 86 425 0.6 289 632 7
recorded value of 822°C at 0.47 s after the initial recorded temperature 0.3 87 68 485 0.9 317 634 773
rise. The low measured peak temperature (about 40 percent lower than 0.31 94 91 546 1.0 342 633 759

0.32 99 105 595 1.1 361 635 747the theoretical value) was believed to be caused by the large wires 0.33 99 137 530 1.2 379 638 735
(0.254 mm diameter) drawing heat from the cell cover shortly after 0.34 106 182 678 1.3 392 632
pyrotechnic ignition. As the surrounding insulation becomes heated, 0.35 113 218 706 1.37 309 635 722
this error will be reduced. The highest measured heat-transfer coeffi-
cient from the end insulation heat pellet into the thermocouple cell cover 1000 --
was 69.9cal/s-cm2. When perfect contact between the heat pellet and the
thermocouple cell cover was assumed, the finite-element modeler
showed a heat-transfer coefficient in the same temperature region of
8699 calls-cm2. Initial temperature increases calculated from the finite- oO
element modeler, assuming perfect thermal contact, were in general L9

agreement with analytically calculated values.? The effective thermal 1 100
conductivity of the cell stack itself was calculated to be 80 x 104 ± 20

x 104 cal/s-cm-°C from this experiment. [ iiii erCal
ý1_ a-- End lins Heat Pellet

Conclusions

Small-diameter (0.0762-mm) type-K thermocouple wires may be
used to measure initial transients of heat pellets embedded within the 10
thermal insulation of thermal batteries. For the thermal cells themselves 0.0 0.5 1.0 1.5

during operation, larger diameter (0.254-mm) type-K thermocouple Tifl, 5

wires are adequate. Figure . MANLOS trsmient tempeatures
Large amounts of heat were generated by both the MANLOS and (vented cond at 25'C).

the GPS batteries. In both cases, the rates of heat generated were found
to be comparable to the rates of heat required for battery operation at struction methods, and heat transfer. Properly applied, the results may
constant temperature. Previous battery designs using Li(AI)/FeS, with be dramatic in terms of size and mass reduction for certain applications.
LiCI-KCI eutectic electrolyte have shown cell heat generation rates Useof finite-element modeling technology now available will facilitate
comparable to the total battery heat loss rates for that system also.- understanding of the process interactions and greatly accelerate the
Smaller but comparable rates of heat generation have been measured mathematical optimization of the resulting new thermal-battery sys-
and calculated from thermodynamic considerations for the Li(AI)/FeS tems.
system using secondary cells with LiCI-LiBr-LiF eutectic electrolyte.,
The GPS experiment shows that the amount of generated heat can be References
increased markedly by intentional short circuits in the thermal cells.
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HIGH ENERGY LITHIUM ANODE THERMAL BATTERIES
AlastairI. Clark, Ian D. McKlrdy

MSA (Britain) Limited, Coatbridge, Scotland, UK

Abstac

Data which confirms long stable storage of immobilised the cells we required to operate over extremely wide
lithium anode thermal batteries is presented along with a tnperatre ranes of-55"C to 100C. Qualification testing
discussion of recent improvements which have imnesed has demonstrated that they withstand severe vibration, shock,
specific energy densities up to 120 Whkg for large batteries, acceleration, temperature cycling and temperatur shock

environments. Data is available from a number of storage
programmes to show that, as required by their applications,
they are extrm stable after long periods of storage. The

Thermal batteries have been manufactured in the UK results of one such programme ae reported below.
since 1955 by MSA (Britain) Limited, a major thermal
battery supplier in Europe. In 1972, MSA (Britain) Limited Because many underwater requirements now demand
became involved in lithiumn thermal battery development on a even higher energy densities, MSA (Britain) Limited
contract from the UK Admiralty Materials TechnDology recently carried out a programme to maximise immobilised
Establishment The aim was to develop a large lithium lithium anode cell performance. Many of the features which
anode thermal battery as an underwater propulsion power had been introduced to improve the performance of thermal
source. The technology which was developed used batteries for guided weapons we applied to the
immobilised lithium in the anodes with iron disulphide in optimisation of two battery designs with high capacity cells.
the cathodes. The pellet construction of the design was
closely related to the type of immobilised electrolyte pellet The features which contributed to performance
technology that had been used in calcium anode thermal improvements and the results obtained are described and
batteries for many years. reported below.

At the end of the contract, test results we reported for 5M of Imnmbilisod Lithium Anode Thermal
a large battery, assembled from 10 modules, each 89mm
diameter and 575mm long with 80 series cells, (1). The
battery powered a motor at an average rate of 33 kW for 13
minutes with a peak power output of 57 kW. The complete In January 1984, soon after qualification, MSA set up a
80 cell module in its hermetically sealed container had a long term storage programme on an 89amm diameter, 210mm
specific energy density of 74 Whkg'. long, immobilised lithium anode thermal battery. The

programme was based on the use of the first two batches
Using different technologies MSA (Britain) Limited manufactured after qualification, and over the next three

later developed and optimised for qualification and years during which 20 batches were manufactured, 6
production for defence applications many immobilised batteries were set aside from each batch so that storage data
lithium anode thermal batteries. These were based on would also be available to cover materials batches and other
proprietary imnobilised lithium anodes covered by patents, production variables. This provided 100 batteries in the
(2,3). One of these aw-ode technologies generally referred to first two batches and a further 120 from continuous
as "LAN" was fully described by Winchester in 1982, (4). production.
Although immobilised lithium anode thermal batteries have
been used to power underwater systems including electronics Batch testing of the 22 batches at +55-C and -30-C gave
and propulsion power, their main application has been in baseline data before storage, providing 105 results at -30*C
guided waspons where they have been used to power and 100 results at +550C. To date, batteries have now been
guidance electronics, actuator motors, fuses and safety and tested on the aging programme as follows.
arming units. They have also been used for power in
terminally guided mortars and shells. In military aircraft StMOa N br
they have been used to power ejection seat sequencers. Time K

(Xm•)atS55C
Battery designs which have been manufactured, range

from 18mm diameter upwards with voltages from 2 volts to 0 105 100
200 volts. A wide range of current ratings and durations 1 5 5
have been covered and designs are available with up to 200 2.5 5 5
amp current ratings, and with durations of over 30 minutes. 5 5 5

6 --8.5 20* 20*
Immobilised lithium anode thermal batteries 9 S 5

manufactured by MSA (Britain) Limited have been Batteries from 20 Production Batches
demonstrated during 15 years of production to be extremely
reproducible. As specified for many defence applications,
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The test load. 23A continuous with pulses to open Increasing the amount of lithium in the anode relative to
circuit and to 44A, was designed to allow calculation of support materials.
internal resistance, in addition to the normal thermal battery
parametes of activation time, duration, maximum voltage, - Reduction in the thickness of the electrolyteiseparator
etc., derived from the voltage versus time characteristic and layer.
frequently used to define thermal battery specification
performance. The improvements which were obtained from these

changes were evaluated in single cell experiments which
Results and Disuion have previously been reported. (6). The results obtained

from 80mm diameter cells indicated specific energy densities
Eight significant performance characteristics were of up to 218 Whkg'. Anodes were evaluated with up to

recorded frm the voltage versus time discharge curve - 36% lithium.
Activation Time to 26 volts, Duration to 26 volts, Maximum
Voltage, Voltage at 2.4 seconds on 40 amperes, Internal Battery Inmgvements (80mm Diameter Cells)
Resistance at 2.4 seconds, Minimum Voltage at 399.9
seconds on 23 amperes, Minimum Voltage at 400 seconds on To confirm that the optimised single cell performance
44 amperes and Internal Resistance at 400 seconds. These was reproduced in pyrotechnically activated batteries, two
parameters have been used to compare the performance of battery types were designed using the information generated
batteries before and after storage. from single cells. More complete details of the battery

designs are given in (6).
In Figures 1 and 2, activation times plotted from the

initial batch tests (year zero) at 550C (100 results) and -30°C Cell Stacks
(105 results) indicate that the range of initial results is 0.7 to
1.3 seconds at 55*C and 0.8 to 1.4 seconds at -300C. The One battery design - Type A - had 15 series cells
results for the stored batteries indicate that they have not (nominal 24V) and was designed to maximise duration
changed from the initial range of values even after nine years performance on a load of 1.12kW. The other battery - Type
storage. B - had 25 series cells (nominal 40V) and was designed for a

load of 1.32kW.
Duration plotted in the same manner in Figures 3 and 4

shows no change, with all stored results lying within the Battery construction followed principles which have
original spread. been described elsewhere, (7,8) but compared with the

original 80 cell module, the volume of the battery occupied
Voltage at 400 seconds on a load which represents a cell by cells was maximised. Thermal modelling of the two

current density of 0.5A cm4* is plotted in Figures 5 and 6. designs was carried out by the DRA Famborough using a
Again there is no indication of any change after storage computer model which had been evaluated for immobilised
compared with the initial spread of results. lithium in the designs using MSA (Britain) Limited test data,

(9,10). The modelling predictions indicated that with the
Internal resistance at 400 seconds, calculated from the thermal insulation and end heat design used, battery

voltage change arising from the load change at this time, performance would be limited by electrochemical
plotted in Figures 7 and 8 also indicates that this parameter considerations and not by cooling effects.
has remained within its original range after storage. This
suggests there are no deleterious reactions of the anode Discharge Conditions
surface with traces of moisture unavoidably incorporated into
the battery during manufacture. Storage deterioration Both batteries were discharged into a constant wattage
arising from such reactions, as has been reported during early load unit provided by GEC-Marconi Naval Systems,
work on lithium silicon anode systems, (5), is absent from Underwater Weapons Division, set at 1.12kW for Type A
inmuobilised lithium anode designs. and 1.32kW for Type B. Discharges were carried out with

the batteries at approximately 20°C in still air.
The other four parameters also indicated that battery

discharge performance remains unchanged after storage of up Discussion and Results
to nine year.

Tye A Performance
lnorovements in EneMy Density

A graph of the output voltage and load current for
Cem battery Type A is shown in Figure 9. From approximately 4

seconds the load regulated at 1.12kW. Over the discharge
As noted in the introduction, underwater requirements duration the current increased from 42A (0.83A C2) to 75A

demand high energy density batteries. Inspection of the (1.49A cm4) The discharge voltage remained above 24V
makeup of cells used in the original old designs in the light (I.6V per cell) for 348 seconds but 1.12kW was supplied for
of fifteen years of experience with optimisation of batteries a further 140 seconds at which time the voltage had dropped
and cells for guided weapons use, indicated two main areas to 15V (L.OV per cell). At this point the load ceased to
where improvements could be made. regulate.
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-0 . 71 perioUnnce of the baft m nutctedby MSA (Britain)

Limited in 1979, (1). In dimensions of 89mm diameter x
25 66 575mm long it produced a specific eanegy dansity of

74Whkg'. In contrast 106 series cells as used in battery
20 . -C Type A could be fitted in thae dimesions resulting in a

... . r total energy output of 1 10OWh, a power output of 5.6kW for
r 710 seconds with a voltage regulation of 204 - 127V. The

t io ... . 51 n nominal mass for a battery this size would be 10.1kg.
S Jt Specific energy density is increased to 110 WWkgI

5 - .... 46 (gravimetric) and 310 Wh din- (volumetric), an improvement

.... 4 of 48%.

0 100 2W 300 4K •k3 An analysis of the main components within the battery
Time (seconds) indicates that this very significant improvement is achieved

Fig. 9 Voltage & Current on 1.12kW Load Type A by the increase of the total cell mass in the battery and an
increase in the cell active materials. The utilisation of

Type B Performance anode materials in the cell did not change compared with the
value determined by the earlier work.

Similarly for battery Type B, output voltage and load
current are shown (see Figure 10). The load regulated at Conclusions
1.32kW from 4.9 seconds when the voltage had risen to
36V. The battery duration to 36V (1.44V per cell) was 644 The 9 years storage data presented demonstrates that
seconds but 1.32kW was supplied up to 724 seconds when MSA (Britain) Limited immobilised lithium anode
the battery voltage dropped to 13.2V (0.5V per cell). technology batteries are storage stable with no loss of cell
During the discharge duration, the current rose from 27.5A capacity as indicated by duration and no change in fuzehead
(0.54A cm-2) to 44A (0.87A cm'l). performance or heat source burning rates as indicated by

50 ..... 67 activation time. Improvements in the technology have
increased specific energy densities for cells up to 150 Wh/kg

0 1 .and 400 Wh/dm3, with a corresponding significant increase

I~k 57in battery performance.
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A SHORT LIFE THERMAL BATTERY FOR PULSE POWER APPLICATIONS

J.D. Briscoe, G. Castro, J. Gessier
SAFT AMERICA INC

Research and Development Center
107 Beaver Court

Cockeysville, Maryland 21030

High voltage thermal batteries that deliver 4200 W constant power output of 13.2 cm length and 4.1 cm diameter. The resulting power and eaergy
at power densities of 3.6 Wlcm2 are currently being developed at SAFT. density goals are 24,13S WA and 67 Wh/M. In addition the battery must be
The battery employs the LAN/FeS 2 electrochemical system with an all able to provide the required energy and power after seven years of
lithium halide electrolyte operating at temperatres above 445 °C. uncontrolled storage. The battery must also activate in less than 0.25
Utilizing an improved LAN assembly and an optimized two layer seconds after temperature storage at extrem of-20 °C and +55 0 C. The
electrolyte/cathode pellet, a 36% reduction in cell thickness was achieved following discussion summarizes the improvements in design and
in an improved design versus the baseline design. The battery delivers performance of the short life battery.
extremely high power densities of 8,750 W/kg and 24,100 W/A while
providing energy densities of 37 Wh/kg and 101 WhIM. The final design Egxorimental
measures only 4.1 cm diameter by 13.1 cm length, and delivers over 200
VDC for more than ten seconds. The LAN/LiBr-LiCI-LiF/FeS 2 electrochemistry was selected as the best

choice for this application. LAN is liquid lithium immobilized by a high
Introdution surface area iron powder'. It was chosen over the other commonly used

LiA! and LiSi anodes for three reasons. Firstly, it has the voltage
Lithium thermal batteries make excellent primary reserve power sources potential of pure lithium. Secondly, it has superior rate capability, and
for military applications requiring high power, fast activation, long shelf thirdly, it can be fabricated into thinner electrodes than the pressed
life, ruggedness, and high reliability. The lithium and iron disulfide powder alloys. LAN consisting of 17% lithium by weight was cold rolled
electrodes have high specific energy and fast reaction kinetics. The LiBr- into thin foil and die cut into disks. Anode assemblies were made by
LiCI-LiF molten salt electrolyte (mp = 445 oC) has high ionic assembling a LAN disk and a expanded metal foil disk into a metal cup
conductivity when compared to aqueous and solid state electrolytes, and crimping the edge.
Stacked as a series array of thin circular cells, the battery is activated by
an electro-explosive device (EED) that ignites a heat paper fuse train The LiBr-LiCI-LiF electrolyte was chosen over LiCI-KC! electrolyte
located down the center of the stack and burns the heat pellets located because of its proven performance at high current densities 2 . The lithium
between the cells. The heat produced melts the electrolyte, and the battery salts were processed and fused to make the eutectic salt. Marinco OL
delivers high voltage and power. magnesia powder was blended with salt and fused to make the electrolyte

binder mix. This was ground and sieve sized for pelletizing.
This paper summarizes the task of improving the State-Of-The-Art of
high power thermal batteries for Sonobuoy applications. The battery Iron disulfide was selected for the cathode because it has high coulombic
requirements are detailed in Table 1. Ten batteries are packaged together capacity, high electronic conductivity, good thermal stability, low

reactivity with the molten salt, and very low cost. It was blended with salt
Table 1: Short Life Battery Requirements and fumed silica (Cabosil) and fused, ground and sieve sized to make the

cathode powder. This was pressed along with the electrolyte on a 60 ton
mechanical press to make two layer pellet disks.

Puww. wit 4.200

rAMua, wt-So 42.000(to10 ) Heat pellets consisting of a mixture of 84% iron powder and 16%
ik 10 potassium perchlorate powder (299 c/g) were pressed in similar manner.
mbnmmu vew Psalm 1SO vDC amd) A typical cell is depicted in Figure I.

50%ofocv
MWMUnM voitw OCv 600V
M- vom•, Riati (Pulse) 25% ofOCV r Pak Vok, Srtu-by LAd

(vdidtsw is 100) HEAT PELLET
(Fe / KC1O4)

Sutd-by Land 20 to 200 Ohm Apmxinimtey

Envelpe 4.5" Dia x 10.4" L (10 Uits)

BRauef sin 4.1 an (1460') Din x 13.2 an (.2") L

wagt lMummna 5.5 kg (12.75 lb.) CGAT-HODE & ELECTROLYTE

(inCl0ad1awmoM0 (FeS2) (Ier-uCl-uL)

W4K, IadividIAmy 0.48 k (1.06 Ib.)

A.Livuim SeCON 60% OCV or Sund-by Lond Volt W'w 0.25

Ta"Wtr-eu, Opertamod -20 *C to +55 IC LAN

to make an assembly. Individual batteries must produce a continuous
4200 W at 150 V minimum for ten seconds in a maximum envelope

Figure 1: LAN/FeS2 Cell Construction
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A series array of cells with power leads was stacked on a mandrel rod as Electrical performance data were acquired by the computer and stored on
shown in Figure 2. The stack was wrapped with ceramic fiber paper the hard disk drive.
(Fibrefrax) and glass tape and assembled into a steel case. A heat paper
fuse strip consisting of a mixture of zirconium powder, barium chromate Studies to reduce the cell component thickness and to optimize the battery
and ceramic fibers was placed down the center hole for ignition. A cover design were conducted concurrent with the testing of baseline design
assembly with leads, igniter assembly and thermal insulation was welded batteries. Thin cells were tested between the heated platens of a
into the case to complete the battery as depicted in Figure 3. conventional cell tester3 located in a glove box with argon atmosphere.

The major emphasis was LAN processing and component thickness
reduction since it was calculated that 0.08 nun of LAN is sufficient to
meet the capacity requirements, and the LAN assembly was 0.38 nun
thick. Improvements in the designs of cell, stack and hardware were
combined to make the final battery design. A design verification test
(DVT) lot of nine batteries was assembled. Non-operating shock and
vibration tests were performed. Four of the batteries were then activated
and electrically discharged.

Results and Discussions

Approximately twenty batteries with 100 cells each were assembled using
hardware and construction of an existing production design. These were
tested to establish a baseline design representing State-Of-The-Art
performance. The baseline design weighed 0.68 kg, and was 4.3 cm
(1.7") in diameter and 17.5 cm (6.9") high. The best performance of
batteries after temperature storage at extremes of -20 °C and +55 OC was
17 seconds life average to 150 volts minimum under a 4200 watt load (3.2
Aicm2 ). The power and energy densities were 16.5 kW/ and 6.2 kW/kg
and 78 Wh/l and 29 Wh/kg. The average discharge voltage for the first
ten seconds was 185 volts for GS-17 (-20 °C) and 190 volts for GS-17
(+55 OC).

An improved short life battery design was developed. As a result of the
anode development, we were able to reduce the thickness of the LAN
assembly from 0.38 nun (0.015") to 0.20 nun (0008"). This was

Figure 2: Short Life Battery Cell Stack Assembly accomplished by reducing the thickness of the iron cup, the wire screen,
and the LAN. Single cells were tested to verify adequate capacity. The
two layer pellet was also reduced in thickness. Consequently the heat

PoTNoG pellet thickness could also be reduced because the cell mass to be heated
OHMITE was less. However, the heat pellet became so thin that many were broken

S BONED during manufacturing and handling. Furthermore, there was concern that
non-ignition might be a problem. Therefore we decided to use a thick
pellet every two cells of the design. Figure 4 is a sketch showing the

W,- PD STACK improvements in cell component thicknesses. By putting the igniter in the

potting below the cover, and removing some insulation from above and
FUS Rbelow the cell stack, the battery height was reduced to less than 13.2 cm

(including terminals). Because of the reduction in cell thickness, 118 cells
11e now fit into the battery.5.20 MAX CDL

TOTAL

BASELINE IMPROVED

KAPTON 0.41mm THK ....... ,.HEAT PELLET 0.25mm THK

(Fe/KCLO 4 )

SILICONE BONDED MICA 0.56mm THK 1 , -1.5 5 CATHODE AND 0.41mm THK
I. ELECTROLYTE

L (FeS 2 )

SMICA
0.38mm THK ---------- ... ---. ANODE (LAN) 0.20mm THK

Figure 3: Section View of Improved Short Life Battery 1.35mm TOTAL THICKNESS 0.86mm

Batteries were assembled and tested to establish a baseline performance. Figure 4: Comparison of Baseline and Improved Cell Component
They were conditioned for a minimum of 4 hours at temperature and then Thicknesses
removed and activated within 3 minutes in room ambient conditions. A
constant load of 4200 W was applied after 0.5 second. The test station Table 2 compares the improved battery design with the baseline battery
consisted of a Compaq 286 microcomputer controlling four Transistor design. The volume and weight of the improved design were reduced by
Devices model DLR-400-15-2500A dynamic loads connected in parallel. 31% and 33% respectively. A photograph comparing the improved

battery with a standard 9 V battery is shown in Figure 5.
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Table 2: Comnparison of Baseline an Imroe Batr Dein Table 3: Results of Design Verification Tests

BmicImprove COWC.h +WC __951_

Path Vdlap 2411.2 2S"4 MA4 209.1

Diamete 4.3 cm (1.7") 4.1lcm (1.6') to'now".5 ti" S."& ail U.4

Height 17.5 cm(6.9') 13.1 an(5.15') Utl 5'V 15.1 is 31&3 1&1'

Weight 0.68 kg (1.5 lb) 0.48 kg (1.0 lb) 32.2 an2 'C1.3.5 ILI

Vokop at 20.5 3WU 2A 217.5 2115.
Total Number of Cells 100 118 (____ I_______ ___

Curren ii 0.5 Sa 26A 20.5 119A 19.1
Pulse Load 4200 W 4200 W (An") ____ ____ ____

Nominal Current Density 3.2 A/cm2  2.1 A/cm2 NOTIE1. Thmislod loocs ofIGOG ffpdpiool MM' III i

(20.5 A/in2) (13.2 A/in2) L2 odna.rain ple accorbdingto he I raf

le. of boar.3 .. h~ C~S

20 TO 109 U164
309 TO :026 Wresting afl3 dB per oacwe
1026 TO 1126 6."

m O
too 120

tso-

70 4

to5

as

TIME I INECOM

Figure 6: Short Life Battery Discharge Profile

Figure 5: Short Life Thermal Battery Conclusion

The DVT's were tested, and the results are shown in Table 3. After non- A short life high voltage LAN/FeS 2 thermal battery with ultra high power
operating shock and vibration tests, the batteries were activated. All four density was developed for a sonobuoy application. The battery operates
units had a 15 second life to 150 V minimum under a 4200 W load. All at over 200 V and provides a constant 4200 W for 15 seconds at a power
electrical requirements were met with the exception of activation. This density of 3.6 'N/cm2 and an average current density of 2.1 A/cm2. By
was undoubtedly due to placing one heat pellet every two cells versus one developing very thin cell components a 36% net decrease in cell thickness
heat pellet per cell. The power and energy densities were 24.1 kW/l (46% was achieved. Over 40% improvement in power density and over 25%
improved) and 8.8 kW/kg (4 1% improved) and 10 1 'Nh/I (29% improved) improvement in energy density were achieved over the baseline design.
and 37 'Nh/kg (28% improved). The voltage versus time plot of SL-37 The final battery design achieved power densities of 8,750 W/kg and
and SL-45 is shown in Figure 6. The average discharge voltage for the 24,100 'N/I. Energy densities demonstrated were 37 'Nh/kg and 101
first ten seconds was 215 V for SL-37 (-20 OC) and 227 V for SL-45 'Nh/I.
(+55 0C). This is an 18% higher average voltage than the baseline design.
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THERMAL BATTERY Ao?,TIVATION AND PERFORMANCE
UNDER CRYOGENIC CONDITIONS

Joe Wells and Chaley Lamb
Eagle-Picher Industries, Inc.

Electronics Division, Couples Department
"C" & Porter Streets

Joplin, Missouri 64S01

Introduction cc of helium /second at one atmosphere differential pressure.
This is checked via a timed pressurization and subsequent

Thermal batteries have a long history of storage and immersion in hot water. Some new designs require smaller
operation at wide temperature extremes in addition to leak rates of I x 10-6 to I x 10-7, which dictate the use of
withstanding severe environmental and dynamic conditions helium mass spectrometers. The first experiment was to insure
without maintenance. These characteristics have made them the hermetic seal would not be damaged during exposure to the
the battery of choice for most missile and ordnance extremely low temperature or the associated thermal shock of
applications plus evolving new military and commercial immersion in LN2 from room temperature equilibrium. A
applications. Their ability to function at typical military group of 10 thermal battery covers (or headers) were serialized
temperatures of -65 °F to +165 *F (-54 *C to +73 *C) is well and measured for fine leak rate on a DuPont Model 120 SSA
known. This study evaluated the feasibility of battery Leak Detector. These 10 room temperature headers were then
mechanical/hermetic integrity, battery activation, and battery individually immersed in liquid nitrogen (LN2 ) and allowed to
function at extremely low temperatures and in combination stabilize at the LN2 temperature of -321 OF (-196 0C), which
with low pressure. This includes the viability of both ignitor took 4 to 5 minutes. They were then removed from the LN2
(or squib) and battery operation at stabilized cryogenic and allowed to return to room temperature. This process was
temperatures by immersion in liquid nitrogen at -321 *F (-196 repeated 9 more times for a total of 10 thermal shocks on each
*C). This type of low temperature, in combination with low header. All 10 headers were then re-checked and the leak rates
pressure (10-5 torn) would be experienced in a deep space recorded. The leak rates stayed extremely low and are very
environment. Batteries evaluated were standard Li(Si)/LiCI- near the detection limit of this type of equipment No
LiBr-LiF/FeS2 designs. The ignitors were production models specimen showed any significant change in its leak rate as
qualified to MIL-STD- 1512. shown in Table I below.

Baclwround Table 1. Header Leak Rate Data

Specimen Pre-Thernal Shock Post-Thermal Shock
This paper explores the effects of cryogenic conditions Numbe Leak Rate* Leak Rate*

on three major areas which are critical for thermal battery

performance. The first was a study of typical materials used in 1 1.59 x 10"I0 3.19 x 10-10
thermal battery construction, and their ability to withstand
thermal shock and the low temperature regime. Second, ignitor 2 3.19 x 10-10 1.59 x 10-10
or squib function and thermal battery pyrotechnic materials
were investigated at stabilized Liquid Nitrogen (LN 2 ) 3 3.19 x 10-10 3.19 x 10-10
temperatures. The third area was determining the effects of
cryogenic conditions and low pressure on battery performance
characteristics such as risetime, peak voltage, and battery life. 6.36 x 10"0 9.6 x 10"10

5 1.59 x 10-1 0  1.59 x 10" 10

Experimental 6 1.59 x 10-10 1.59 x 10-10

7 3.19x 10-10 1.59x 10-10
Hermetieitv 8 7.95 x 10-10 9.6 x 10-10

Glass-to-metal seals using Corning® type 9013 glass
beads and 52 iron/nickel alloy terminals per MIL-I-23011 in 9 3.19x 10"10 3.19x 10"10
304 stainless steel base materials have been the standard in
thermal battery designs for many years. Thermal batteries 10 7.95 x 10-10 1.92 x 10i 9

typically require leak rates in the range of I x 10-4 to I x 10-5 cc of helium/second at I atmosphere differential pressure
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lratedulli 10-

The second phase of the evaluation was to insure that
the Wign and the pyrotechnic heat powder would function 9

properly at these low tempemtures. Ignitos selected for this
testing are fully qualified to MUL-STD-1512 and me
manufactured by Eagle-Picher (Model EP-360). A comparison 7
of ignitor activation time at +165 OF (+74 °C) and -65 °F

(-3 'C) to that at -321 °F (-196 C) was perfomed on 30 0 6

ignitors. One third of the ignitors were stabilized at +165 OF
for 2 hours, and then activated inside the temperature chamber. 0 5-
They were activated via a normal 3.5 Amp/20 millisecond
input to the 1.0 + 0.1 ohm bridgewire. The average activation .. 4
time was 5.10 milliseconds at +165 OF. Due to the 3.5 Amp
limit on the input current and the nominal I ohm bridgewire 4 3
resistance, the voltage applied to the ignitor is approximately
3.5 volts. Once the bridgewire burns open and the ignitor 2

functions, the remainder of the 20 millisecond all-fire pulse is
still being applied. This causes the applied voltage to increase 1
dramatically and go off scale. This sharp voltage increase 0,
gives the point of ignitor function as shown in Figure 1. This -2-1 0 1 2 3 4 5 6 7 8 910

10 Time (Milliseconds)

9 - Figure 2. EP-360 Activation Time (-65 OF)

o 8-

. 7-
10-

S6

S5
S8-

0 4

tv 6-
2-

1
) 4-

-2-1 0 1 2 3 4 5 6 7 8 9 10 3

Time (Milliseconds) 2

1
Figure 1. EP-360 Activation Time (+165 OF)

-2-1 0 1 2 3 4 5 6 7 8 9 10

test was repeated on 10 ignitors stabilized at -65 °F for 2 Time (Milliseconds)
hours, and also activated inside the temperature chamber. They
were activated in the same manner via a 3.5 Amp/20
millisecond input to the 1.0 + 0.1 ohm bridgewire. The average Figure 3. EP-360 Activation Time (-321 F)
activation time was 5.42 milliseconds at -65 OF. A typical
"tnace" is shown in Figure 2. The remaining 10 ignitors were
submerged in LN2 for 2 minutes (stabilization occurred after
30-45 seconds), and then activated while immersed. Again, milliseconds at -321 °F and increased by only 0.27

tie normal 3.5 Amp/20 millisecond input to the 1.0 + 0.1 ohm milliseconds from a typical cold military temperature. All 30

bridgewire was used. A typical "trace" for -321 OF is shown in squibs tested under these conditions activated. The results and

Figure 3. The average activation time was only 5.69 statistical analysis are summarized in Table 2.
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Table 2. EP-360 Activatdm Time vs. Temperature

Activation Activation Activation
time time time

at +74 0C at -34 0C at -1960 C 40

(+165*F) (.65•F) (-321-F)
Sample (in msec) Sample (in msec) Sample (in mscc) 50

No. No. I _ No. No.
1 5.44 11 5.48 21 5.68
2 5.00 12 5.48 22 6.08 020 '

3 4.80 13 5.52 23 5.84 $4025-
4 4.88 14 6.00 24 5.60
5 5.24 15 5.32 25 5.28 9 Io
6 5.00 16 5.52 26 5.36 J
7 4.96 17 5.00 27 5.48
8 5.00 18 5.40 28 5.24 ]
9 5.28 19 4.92 29 6.76 0 , 200 300
10 5.44 20 5.52 30 6.00

S =5.lOmsec ,i = 5.42msec R 5.69msec Time (Seconds)

a &.1 =.23 msec qr., = .30 msec _, .37 msec
Figure 5. EAP-12053A 6.8 Amp Discharge (-65 F)

Battery Performance

Having shown that the battery materials could survive
the thermal shock and that the ignitors would activate, the next Batteries from the same manufacturing day were then
step was to proceed into the effects on battery activation and subjected to a series of tests to evaluate performance at LN2
performance. The test vehicle battery was the EAP-12053A. It extremes. Six batteries were immersed in LN2 for 2 hours with
is a 2.50 inch diameter by 4.16 inch tall design weighing 2.0 stabilization occurring after approximately 45 minutes. Two

pounds. It is a nominal 60 Vdc output with a voltage range of batteries were activated and discharged while submerged in the

72.0 to 45.0 Volts. The EAP-12053A is designed to carry a LN2 . Upon activation, the battery cases began to boil the LN2 .
6.8 ampere baseload with pulses to 35 amperes for a 222 Due to the lower starting temperature, the risetimes were
second mission. slowed by approximately 350 milliseconds and the peak

voltages were suppressed by around 4 volts compared to the
Baseline performance testing was performed on -65 OF results. A typical discharge curve is shown as Figure 6,

batteries at both +165 OF and -65 *F with the typical discharge with results from all tests summarized in Table 3. The

curves shown in Figures 4 and 5 respectively. The battery is extremely low temperature start and continued heat loss during
well heat balanced with both the hot and cold stabilized
batteries displaying lives of approximately 360 seconds.

75- 50 75-] 50

• • 40 -40 •50500

30 -30~
0 2,

20 20.

i I ( Ii ! I .6 I I

25 ~25-1

-10 -10

0 100 200 300 0 100 200 300
Time (Seconds) Time (Seconds)

Figure 4. EAP-12053A 6.8 Amp Discharge (+165 OF) Figure 6. EAP-12053A 6.8 Amp Discharge (-321 OF)
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A final battery test was performed on 2 units by
Table 3. EAP-12053A Performance Summary removing them from the LN 2 , placing them into a 10-5 tonr

vacuum, and testing at a reduced load of 0.750 amperes. The
Risetime Peak Life to Specific reduced load allowed a higher peak voltage of 70.4 Vdc and an

Temperature (msec) Voltage 45 Vdc Energy increased life of 1673 seconds to 45 volts. These units were
(Vdc) (seconds) (W-Hr/lb) discharged at the 0.750 amp load down to 5 volts and

+165 OF .390 69.80 366 21.35 functioned for over 2500 seconds. A typical discharge curve is
-65 OF .530 67.45 362 21.12 shown as Figure 8 with the results summarized in Table 3.
-321 OF .880 63.20 98 5.72 50
-321 OF/ .840 63.80 130 7.58
Altitude ,-,_ _.

-321 OF/
Altitude/ .280 70.40 1673 10.46 >
750 mA .•50 "

Load V 30 •
0

0

battery function (via boiling the LN 2 ) caused the battery life to 20 25-1..w
45 volts to be shortened to 98 seconds. An improvement was .
shown when batteries were removed from the LN 2 and placed m 10
into a 10-5 tort vacuum. As shown in Figure 7, the battery life

was still suppressed compared to -65 OF stabilization, but
improved due to the elimination of conductive heat losses.

0 600 1800 3000
Time (Seconds)

75- 50 Figure 8. EAP-12053A 0.750 Amp Discharge
,-, • (-321 OF/10.5 torr)

-40

Conclusions

-30 by Thermal batteries have added to their proven robustness

.4 o by the results of this testing. Standard thermal battery0 0 % hardware has proven its ability to withstand repeated extreme
Ph -20~

I W thermal shocks of immersion in LN2 which are much worseS25A"*241 than any foreseen field conditions. Typical thermal battery
a m ignitors have demonstrated their ability to activate during LN2

-10 immersion and the pyrotechnic material in the battery was also

shown to activate with the battery at stabilized LN 2
conditions. The performance of the battery design was shown

01 200 30 to be viable under these conditions. The EAP-12053A battery
displayed its ability to function at full military temperatures as

Time (Seconds) well as at cryogenic conditions The lower stabilizing

temperature did reduce the battery life but the energy density
Figure 7. EAP-12053A 6.8 Amp Discharge and power density are still quite good at these lower

(-321 OF/10"5 torr) temperatures.
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IEMI CRILL BAITTERY DIMlAPMN

Thnas B. Raddy and Peter Raodrogez
Power Conversion. Inc., Elmwood Park, J

ubrdedtm weeks, the electrolyte weight I= requirement called out in Phragrqph
4.7.12 of MIL-B49459 for four weeks' storage at + 130OF (+54.40).

Power Conversion, Inc. is carrying out a program to develop a high- Type B d VIII are currently beian evaluated in l hardwae Type
rate, lugh-capacity lithium/manganese dioxide battery in low-cost UI w selected becaue of its high bond strenth to the polypropyeae
packaging to increase significantly the cost effectiveness of lithium header material as well as its low leakage rate. The Type Vl material
primary batteries. The initial efixrt has focused on producing a is under evaluation becaue of its very low electrolyte leakage rate.
prismatic cell in a foil-laminte package designed to replace the
standard D-sie cylindrical cell in the BA-5590/U battery. These cols
have been size to fit ten units inside the BA-5590 battery envelope to
form a BA-X590 lithium/manganese dioxide battery. Figure I shows a
prjection of this cell. This design is capable of providing significantly CNMmriM Of Igetreh= LAW VrM Wdl

higher capacity than the current LiS02 BA-5590 because of the Laminte Ponde After T WeI' Swam at +110l0F
intrinsically higher capacity per unit volume of Li/MnO2 and because Laminate series Percent WL LAW
of the more efficient packaging of prismatic cells in a prismatic case.
This paper describes the materials evaluation, hardware development, NO, Of Elec/h
component optimization and cell development phases of this program. 0.910
Although this paper describes the effort carried out to develop a cell for 0.

the BA-X590 battery, this technology may be readily adapted to a 1 0.653
variety of other military and commercial applications. in 3 1.010

V 3 1.228
VI 3 0.486
VI 4 0.538

VII 4 0.382
VIII 4 0.161

Other hardware components consist of a polypropylen head with
an electrolyte fill port and holes for riveted electrical feed-throughs.
Polypropylene was selected because of its low cost and higher melting
point than polyethylene. Initially, these parts have bee machined but
will be injection molded in production. See Figure 2 for the header
assembly. The foil laminate material is cut to the desired size, a hole
punched for the fill port and then heat sealed to the header using a
specially designed fixture. Holes are then punched in the foil laminite
for the riveted feed-throughs which ar adhesive-bonded in place with
tabs on top and bottom of the header. Tabs from the electrode array are
welded to the internal tabs from the rivet. The foil laminat is then
folded around the electrodes and seams formed on three sides using a
heat sealer. Ultimately, this sealing operation will be carried out in one
step with a specially designed tool. Following assembly of the dry
package, it is evacuated and filled with a preset volume of electrolyte on

Figure 1: Foil Cell Design Dimensions anautomatedelectrolytefll machine. The fill mbe is then welded shut,
When Folded: 2.82 high by 2,65 in, wide thecellpredischargedandtested.

xO.50 in. thick

DFILLPORT
M alerias Iva ardware Develoment

PCI has evaluated eight different types of foil laminates for HEADER

electrolyte leakage to select a suitable material. Pouches have been
formed of approximately the same area as the foil cell, filled with 5 ml.
of electrolyte (Lithium Triflate in Propylene Carbonate/Dimethoxye-
thane), weighed and stored for thirteen weeks at +130*F (54.40C), the
storage conditions specified for the T-test requirement of MIL-B-49458
for Li/MnO2 batteries. Test results are shown in Table I in terms of
percent weight loss of electrolyte after storage of the seven types of
laminate which survived this test. The results show the average loss for
three samples of each type tested. Type VI was tested in two different HOLES FOR RIVETED
series and the weight loss data show good agreement between the two ELECTRICAL FEED- THROUGH
tests. Five materials show a weight loss of less than 1%, after thirteen

Figure 2: Polypropylene Header
Assembly for Fol Cell
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PCI has used both C amid D Azad cyliadrical ofls to carry out
-eps optioumbaoa studis, to select sateals for use in fth fi MA-p

cell battery. T"N 2 dueumnat the materals and components which AVerap CCV Cqaec"ay
havebecrn ealuated. PCI has evaluated two types of Chemical Type of Dram Tee OCV *1 Sod Dev. 2o.O Cwt-Off

langanese Dioxidde (CMD) in compariaso toran Elecrolytic Sepertai Ra Temp No. *1I Sud Dw a 5 sic. Q1 Sod Dev.
Mbangame Dioxidde (END) and ha selected one ype of QID fwor &se LOW fj low 1i ~ k -OisM ib LhURA
mac it provides the besd overall peromiance at both +21 anad -20C Type A 310 +70 3 3.16-i.13 2.S5W.17 2.3SM). 14
Seveal grapites have: been evaluatd and aut selected bond upois th Type B 510 +70 3 3.34*O 02 2.77*0.06 3. 1CM)02
Iimroved voltage response observed wbnh6 this materia~l is employed. Type A 170 -2,0 3 3.37*0 01 2.71*0.04 I 9CM) 39
Snuslarty. several typesof expandad leatal- 1~ collectorhavebeen Type B 170 -20 2 3.364.03 2.7240.06 1 4".44
employed (stainless steel vs. aluminum) with two geometries evahuatu
in the latter material. Tabl 3 shows typical discharg data at 2 amps
and VT for LiinO2 D cells using two types of MnO2, two type of Thus dona should provide the bases hre a weostaving in lithim
graphite additiv sand two "ype of alunimun cuurent collector.bttr mamhfictuire amac the Type B material is sigfificantly lea
Comparing Raw I to Row 4, it is evident that the une of the special expensiv than fth sea ato maldly used in Lii~bO cells.
gradc ofgraphftine mascs fth scapcty, operating and start-up, voltagesUsnthmteisadcopnnsseeedr entefalel
with the CMD-Type . The rue of CMD-11 gives; higher capacity butUsnthmaeiladc po t eeidfrueinheo el
lower start-up and operating voltages as seen by comparing Rows n program, PCI has mnumafactured and tesed D cells. Typical D cell
3. Mw usue of& pulled scree gives highe stait-up voltage capacity diawcag curves aie see in Figures 3 and 4. At 70O (2 10), a
and operating voltage compared to the standard scree (Row 2 vs. Row caact of 9.5 amp-hours at an average voltage of 2.64 volts was
3). achieved at the 2 amp dischiarge rae (Figure 3). At -49F (-2000, a

capacity of 6.95 snip-bass with an average of 2.19 volts is obtained as
2 amp discharge. Thbe formner value is comparable to that obtained haow

TAIJ 2competiiv products while the latte value is twice that obtained by

oCarthodemm

Type of MnO2 (CMD, EM4D)
Type of Condchcive Additive
Grid rial/Geomety4.

AM&4.60

Type of Currenit Collcto 120
2.80

Masterial ffE. PMPE)
Process 2.6- -- - - -- - - -- - -

1.60

1.20

Binary vs. Ternary Solvent Mfixture 0.80

Type of Salt (LiTWilae Lilmde L"~6, LiCIO4) 04

0.60
0 l 3 76 114 ' i 1; '1; 2;95 2iS6 304 34'12 36

MIELK TIME (Min.)

AN Cella Dtseharnd at 2.00 Asses at +S

Avg. Capacit Figure 3: Discharge Curve for Li/MnO2
AVg. CCV to 2.OV Avg. fl-Cell at 2.00 Am~ps and +70'F (21*C)
ocv * wSol cut-off Voltage Capacity 9.5 Amp-Hrs,

* Sa Dev. at A4 I&i Q hSod
Type Grid Graphite No. Dev. 5 Sec. Div. (ampý- Dcv.

OID-I M-Sad Special 3 3.46*.01 3.14*0.03 7.02Zk0.10 2.56:60.03 40

CMD-I1 Al- Special 4 3.42*0.01 3.06*.04 7.7&-10.17 2.5260.03 30
Pulled 32

CMD-11 AI-Sild Special 3 3.37*0.10 3.02.bO.04 7.65*0.08 2.47*0.02 2
CM4D-l Al-Sad Sad. 3 3.42*0.03 3.O9A.03 6.6040-17 2.52*0.03

B ase onmaichre iteueofCMD-Type 1u in 2oKio .80

with the special graphite and pulled aluminum, screen provides the 12
highest capacity with goad start-up and operating voltages. PGI ha 1
als evaluated seveald types of sepamator to -rIdI the Cost hor fthis4
componeuL Table: 4 presents discharge data hor LAIMnO2 C cells umng I___________I_____
two types of sepantor unde two setsof test coditiams: 510 milliamip0 ' 84 12 40 4119 24 25 20
dischargeat +70OF(2lOC)and 170milliam dischargeat -20OF0 IM-(in.
Q. At room temperature- the aerage capaity and start-up voltage amelM M.
higher hor the cells with the Type B matra. It is Significant to note
"ta these cells operated at -20OF (-29C0 amnc fth Li/MnO2 "~tm is
normally rated only to -46F(-2000. When dischargedat 170 iilli- Figure 4: Discharge Curve for Lh/MnO2
snM the cells with the Type Bseparator provided ae8MiAlYte5l fl -Cell at 2.00 Amps and -4*F (-20*C)
saimt.up voltage and 93% of the capacity observed withteType A Capacity = 6.95 Amp-Hrs.
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PCFs fadi call developument ha evolved during the causse of this4.1
progrom. hidly cf eel faricated waf a paale plate desip .
but this was hand to be labo iienmiv in asmbly. POI ha developed32
a rapd electiode assembly procdur whc it believes ic be amninh l2
to automnation. Figure 5 shows a discharge cum for a psoltaype fol2l
call at the .500 amp mueat rooa temperature Acaeqcity cI .2 2.40
amphmorsat an verapevoltageof 2.45 volts was obtained with this 200-----------------
cell which aied a binary electralyte. A similar cell was discargd at ,.9
1.00 aaapiand acapacity of10. 1 amp-homrs was obained at anaverage 0
voltage of12.25 volta, as seen in Figure 6. The same type of ell was 08
cooesnacted using a ternay, elecuroyl and discharged at the 1.00 amp00
rae, giving a capacity of110. 1 amp-hours. asme in Figure 7. In this 0.40
case, the aveuage voltag was 2.45 volts, 0.20 volts higher than seen in 0.00
Figure;6. relecting the higher meducia"tyofthesemruy electrolyte 0 06612 f90 264 3i6 266 462 528 914 in6

which is twice tdon of the binary solvent mixture TIME (Min.)

Figure 7: Discharge Curve f or roil Celt
4W at 100 Amps and +70*F Average Voltage=
140 2.45v. Capacity =10.1 Amp-Hrs.
3.20 Electrolyte Type 2

1U (Mm. 4.00

0.4 42 0 0 2 6 0 4 0 2 6

TIME ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ TM (Mn)2.l ---- i ---- .)----

FigFigur 8: Discharge Curve for Compressed,2
atoi Cell0 atp 2.00 ApsF aneag VolFtverag

Voltage Capacvt Caact 11.1 Amp-Hrs
~~~~Electrolyte Type 2 01

provFidgur a : caaiy@1.D aphusweischarged atrv 2o aom prssed
SFoi (21 ll thi would Aprosd a7 incras in* cApctovera the

c.0om tarage =i/S2 B.25vO. Toadacte, =C has1 ac phieed89

TIME (The. el jectrode e ofcec thatal program wart equiementswill bep oft

O.Oth providam andwl capedy out envirmp-onmwenta dicangd saty teamstn whe
at 1.0 Amps2*Q ands woulF Average aV8otageizcpciy vr h

2.25v. Capacity =10.1 Amp-Hrs. tecretpaei opw

Electrolyte Type 1 kO kdAX

This work was partially supported by the Electronics and Power
In order to simulate actual uwe insid a battery cas where the Soaces Directorate, U.S. AMn Resamch Laboratory. Fort Monmouth,

individual cells will be held in compression, discharge at the 2 amp rae New Jersey. PCI wishes to express its thanks to Mr. Michael A.
has been carried out with the cell held in comression between parallel Brundage and Dr. Harold T. Christopher for their apprt and
platsm. Figure 8 shows the discharge curve for this cell which provided encourageme3nt in the ouorse of this program.
a capecity of11. 1 amp-hoursat an average voltage of2.36 volts. The
higher capacity obtained at the 2 amp rate undoubtedly reflects the
effect of compression on cell performance.
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High-Rate Lithium Manganese Dioxide Cells Using Shut-Down Separaters

Michael Kohlhase, Klaus Schneider, John Welsh

Hoppecke Batterien
Brilon, Germany

Shut-down separaters have been available for a num- allow detailed observation of the reactions of the cells
ber of years but their use has generally been limited to if they vented.
the smaller, spiral wound cells for consumer applica- The results showed the shut-down separaters function
tions. New shut-down separaters have recently been pro- as promised. It proved impossible to make the cells to
duced experimentally which show promise to be suitable vent by electrical overload. The cells could be discharged
for the larger, more powerful lithium cells as are used at the 3h rate without the shut-down separater cutting
in military applications. The hoped for advantage of the in but, if the discharge rate was significantly increased
new separaters is that they will make the cells inherently or if the ambient temperature was too high, the cells
safe against external abuse induced by electrical overload shut down well before the venting temperature was
and may even give greater protection against mechanical reached.
abuse. [f these hoped for benefits are achieved, the pro- This work shows it is possible to make intrinsically
tection circuits now employed in lithium batteries could safe lithium manganese dioxide cells using shut-down
be simplified or even completely eliminated and new separaters with the one disadvantage that they are one
markets for the larger lithium cells could be opened up shot devices: once the shut-down separater has operated
where, up to now, safety concerns have restricted their the cell cannot recover; this is as opposed to the pro-
introduction. In particular, the stringent safety require- tection by an external PTC which resets once the load
ments for use (and for transportation) in aircraft may has been disconnected. Many battery packs used for
be met with less difficulty. military employ non-replaceable fuse links, also one shot

Lithium manganese dioxide cells were used for the devices, and, in these instances, the shut-down separater
experiments, cells with solid cathodes which contain no does not bring any additional disadvantage.
toxic or corrosive components and are already recog- Finally, it is concluded more work needs to be un-
nized by IATA as safe enough to be transported in pas- dertaken, in particular, with the vent design. If the cells
senger aircraft. Cells were built with standard and shut- cannot be made to vent by electrical overload but only
down separaters and were subject to a range of over- by application of external heat or mechanical abuse,
loads: from marginal overloads at high ambient tem- what is the best venting pressure/temperature for a cell?
peratures to low impedence short circuits. Care was taken There is a case to be argued that higher venting pressures/
to simulate the types of fault that could occur in actual temperatures reduce the likelihood of inadvertent vent-
use, for example, incorrectly applied loads or intercell ing but will still give protection against an uncontrolled
short circuits within a battery. rupture of the cell case. However, many more abusive

Mechanical abuse tests such as crushing and nail tests tests must be carried out before a recommendation can
were performed, again comparing the standard and the be made.
shut-down separaters. In all cases, videos were made to
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ULTRA HIGH RATE PULSE PERFORMANCE
FROM THE PRIMARY U/MaOi BATTERY

A M Jeffery, M J SdoWkz
Do"t Buatieie Ablagdsn

Oxfordshim Engiam

The hig rate lithium/manganese dioxide Primary battery is well lidihm ion Insertion and henice chargetransfer. This is Uma Wo Only for
established in the market as a safe. reliable and high energy density stem, continuous discharge but so f" h pulse curremnts. em initial sbon
However, still higher rates are always In demand particularuy in the area of duration pules. where there is cearly inmuicent time for U" diffusion
pulsed discharge regimes. The system Is ideal for this type of applicat within the crystal strucure to have any kence on rate. The Implication
due to its inherent instant start-up characteristics and its reladvely light is that optimum crystal structure is essential at the ekloe/mnO%
weight- interface as well as within the MaO1 matrb.

An investigation into the effect of increasing cathode surface area Particle porosity is important in that it can provide a very large
on pulse current capability has demonstrated significant improvement surface area for L. insertion. However, this sufrace area is of little value
particularly at low temperature. Marked improvement in high rate unless it is accessile to electrolyte. For this reason, the mean pore diameter
continuous discharge has also been observed. must be large enough such that a significant proportion of the pore volume

can be accessed by electrolye The actual mean value of pore diameter
It has been showni possible to realise these advances in practical required depends on the nature of the electrolyte and, in particular, such

cells without compromising safety in any way. properties as surface tension.

Introduction It is worth noting here that similar considerations apply to the
separator construction. Indeed, it has been found advantageous to employ

There is a perceived market requirement for a safe lithium/ the maxdmum mean separator pore diameter consistent with the prevention
manganese dioxide primary battery capable of very high power densities in of inter-electrode shorting.
the pulse discharge mode (up to I Kw/litre). Such a device would offer a
viable, lightweight alternative to thermal batteries for some applications It has been shown that varying particle size distution has only a
whilst allowing 'push-to-test health checks to be carried out in service, limited effect on high current performance.s However, different distributions
thereby enhancing user confidence. Military applications such as ejector seat can markedly influence cathode processing parameters which, in turn, affect
actuation and missile launching and guidance systems could be undertaken the overall cathode porosity. The importance of this porosity in the kinetics
in addition to high power consumption transmitting devices, of the insertion cathode, and hence the efficiency of the discharge reaction

has been discussed previously."

A major limiting factor to the achievement of very high pulse
currents is considered to be the kinetics of the manganese dioxide discharge However, the characteristics of cathode geometry and their effect on
mechanism. Investigations have been carried out to chamcterise the effect pulse rate capability were the focus of attention of this investigation and cells
of electrode area and thickness on pulse capability and also on continuous with varying thicknesses of cathode and balanced anode were constructed
current discharge. resulting in different electrode areas for the D-cell coil pack. Clearly, the

thinner electrodes resulted in lower theoretical capacities due to the
The charact•erisation was undertaken utilising the Dowty lithium additional separator and current collector requirements but the system

manganese dioxide coil-pack construction D cell, I.I 336H. The safety capabilities for short duration, high current pulses over a range of
implications of an ultra high rate system have also been investigated. temperatures were studied.

Discussion Epemental and Resul

The mechanical design of the Dowty LM 336H has been shown to Performance
be fully capable of sustaining higher currents, both continuous and pulsed,
than those generated by the standard coil pack. The welded electrode tags, Cathodes of three different thicknesses were manufactured which,
electrode current collectors and cell casing have been designed to offer very when formed into D-cell coil packs, produced geometrical area ratios of 1.00,
low electrical resistance and the construction therefore provided a good 1.28 and 1.47 when compared with the standard Dowty cell. These were
vehicle for cell build and testing. The venting system is discussed separately designated LiM 336H, LIM 336XH and LiM 336VH respectively. In each
in the section on Safety. case the lithium anode thicknesses and areas were adjusted to provide

electrochemical balance.
Electrolyte formulation can be optimised for high or low

temperatures and rates, but the user almost invariably requires operation To determine pulse capability the three build standards were tested
over a wide range of temperature and often, a discharge regime which to establish the cunent obtainable for a single I second pulse at about 15V
features both high and low current. In Dowty's exicrience, fime tuning of which approxmates the maximum power obtainable from the cell. The
the electrolyte formulation does not affect rate as much as varying the testing was carried out over a range of temperatures from + 67C to - .
electrode geometry and constitution. The results are displayed in Fig 1 which shows the pulse current

Similarly, the lithium anode is not as limiting a factor as the cathode plotted against cathode geometrical area ratio for 3361,. XH and VH cells.
in the attainment of high discharge current subject, of course, to the usual
constraints of electrode balance, geometry and minimal anodic film It is apparent that the thinner, higher surface area cathodes perform
formation, significantly better than the standard 33611 configuration at all temperatures.

The 336VH delivers a 36A pulse at +65'C and even a 6A pulse at -701C.
The main rate factor limiting pulse current has been established to It is notable that the lower the temperature, the greater is the advantage of

be the nature and construction of the cathode. The LM 336H cell utilises the 336VH compared to the 336H and this is shown by the ratio of pulse
chemically precipitated manganese dioxide of high specific surface area. currents for the two cells nRet to the profiles for each temperature in Fig 1.
Much has been written on the heat treatment of various manganese dioddes At +609C the 336VH shom a 26.3% improvement in pulse current whereas
for use in primary lithium cells and the need to optimise this treatment in at -700C the increase is 100% resulting in a significant pulse current at useful
terms of temperature, duration and environment.11  It is known that the voltage.
resulting crystal structure is critical in determining the maximum rate of
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ILIM336 "D Cell •1 ILIM336 D Ccli

at14
3.

Pus 21 2.0 ..

Current * 1A J Voltage1 \1
Puls.. ,-

Zans 8.5 Amps at20"C.

4 1.1 1.2 f14,.! IA ,, 1& a b 0 ,6 .s
Ratio of Cathode Geometric Area (I.M336 - 1) Running Tirne in Winutes.

Fig 1: Single Pulse Current Fig 3: Continuous &S Discharge at 20-C

Typical voltage response profiles for the constant current drain from 3 "D" Ccliall tdme cell Wyes are shown in Fig2 and these illustrate the absence of .. •.,. ..... . .. .

voltage delay inherent in lithium/liquid cathode systems.

LIM336 "D" cellI

8.5 Am.. ps at 0 .C.
0Q 0' 0 A . .. ... . 6

is • Running Tirne in Minutes.

Less than -30"C -30"C Greater than -30"C Fig 4: Continuous 8.5A Discharge at O0C

TYPICAL PULSE SHAPES

(Constant Current) JLM336 "D"

Fig 2: Single Pulse Voltage

It can be seen that for temperatures below -300C, the ceU voltage Voltage
is rising slightly throughout the 1 second pulse duration, while at -309C the VH
voltage remains fairly constant and for temperatures above -30'C the voltage
exdmibits a small decrease. This is thought to be due to the changing balance 8.5 Amps at- 15"c.
between cathode polarisation and internal temperature rise resulting from 8. A ... 5.. . ,
the ?R heating effect and the exothermicity of the discharge reaction.

At low temperatures, the lower current pulse results in less cathode Running Time in Minutes.
polarisation and a small temperature rise at the electrode surface produces
a slight increase in voltage. At higher temperatures, the magnitude of the
current leads to the predominance of cathode polarisation. Fig 5: Continuous MA Discharge at -150C

These levels of pulse currents are generally sustainable for durations In all cases the order of discharge duration was VH > XHf, H, but
of a few seconds and for frequencies of around one pulse per minute the most significant difference was observed at -15C where the 33611 could
dependent on temperature. For higher pulse durations and frequencies the not sustain the &5A load at all whereas the 336VH delivered 9.18 Ah - a
operating voltage will be lower, duration of 65 minutes.

However, as duration and frequency increase for high current pulses, These results again illustrate the balance between cathode
the effects of cell internal heating and temperature rise become more polarisation and internal heating. At -15*C, for example, the 336H suffered
influential in terms of counteracting cathode polarisation. In the limit this cathode polarisation to such an extent and so rapidly that the discharge
effect is maximised during continuous discharge. reaction could not proceed to generate a temperature rise and facilitate

further discharge. The 336VH, on the other hand, showed an initial voltage
This was investigated by subjecting the three cell types to high rate dip to around 1.8V but the reaction proceeded at a sustainable level which

continuous current at three temperatures. A constant current load of 85A induced a rise in temperature to about 60WC by the end of discharge.
to an end point of 1.5V at temperatures of +200C, 00C and -150C was
selected. The results are shown in Figs 3,4 and 5 for the three respetive The thinner, larger surface area cathode of the 336VH is thus
temperatu res demonstrated to be far superior to the standard cathode at high rate, low
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temperature discharge. However, this superiority is offset to some extent by A 2A constant forced discharge test was also applied to the 336VH
the lower capacity exhibited at moderate rates and temperatures and Fig 6 cell and Fig 8 shows the cell voltage and case temperature with time.
illustrates this point.

All Dowry high rate lithium/manganese dioxide cells are fitted with
a copper strip anode current collector. During forced discharge, the anode

1.M336 "D" Celi is completely discharged and no elemental lithium remains at a cell voltage
.of V. At this point, anodic copper dissolution commences and the resulting
copper ion deposits on the cathode in the form of dendrites. These

30 •dendrites grow into copper "fibres" and ultimately penetrate the separator
..--. pores and connect with the original copper strip. This provides an

2 electronically conducting path for the continuing forced current to pass safely

2.0- without any exothermic electrochemical reactions. The cell is thus left in a
oltage permanently safe condition.

VH XH H
I ". .

2 Amps at Room Temp.

1 . 2 i5 * 2 35 4 435 6 5 ILIM336VH "D" Cell
Rur"nn Time in Hours 4-

Fig 6: Continuous 2A Discharge at Room Temperature .7

At 2A constant current and room temperature the order of . S .] . .

discharge duration is reversed, H > XH > VH, the actual capacities being Voltage -40

102 Ah. 9.9 Ah and 9.6 Alh to an end point of 1.5V.

Forced Discharge
-4-t.. .. t

In considering the discharge performance of the 336VH in very high -__ _2 Amps at Ambient _ _o

pulse or constant current applications, it is recognised that the design must 9 4 S 0 t

possess faln-safe features to prevent hazardous situations arising from abuse. Running Time in Hours

A major design feature here is the stainless steel bursting disc which
is hermetically welded into the battery case and provides an electrolyte Fig & LiM 336VH: 2A Forced Discharge
venting path on generation of excess heat. The standard 336H cell contains
a disc that vents at a pressure between 200 p.s.i and 250 p.s. For the
336VH it was found necessary to lower this pressure to between 150 p.s.i and
200 p.s.i to allow for the faster rate of temperature rise during, for example,
short circuit abuse.

The effect of this process, which renders the use of a shunt diode
The 336VH cell was subjected to a short circuit abuse test through unnecessary, is seen in Fig & The cell voltage falls to zero at about 53

50 milliohms and Fig 7 shows the current response with time together with hours and then faLls further to about -2.5V. At this point copper deposition
the cell case temperature. is apparent as the voltage rises again to a stable level. The temperature

meanwhile reaches a safe maximum of 60*C before declining to ambient.

11M336VH "D" Cell Thus, short-circuit and forced discharge abuse can both be tolerated
Curren .. ..........t Isafely by the 336VH system design.\Current Initially.

4) Greater Than 50 Amps
aConclusion

SC eTemperature. m  There is a need for an ultra-high rate pulse primary lithium/
30.0 CellVented, l--oo manganese dioxide battery for use in military and transmitter applicationsL•-No Flame, " 'JO. .. i .; .. •

.3.0urren " No ' ° - " over a wide range of temperatures.

Am ps. . ...i....i - investigations into the effect of geometrical electrode area in the

IO Sho : rt.-C•riuit. .- l- Dowty LiM 336 D-cell have demonstrated much improved pulse current with
the absence of voltage delay inherent in liquid cathode systems, and also
continuous current discharge capability from higher surface area cathodes.

R _f n in ftlb s 14 toThe improvements in both pulse and continuous current dischargeRunning Trne in Minutes. regimes are more significant at lower temperatures. This effect is thought
to be primarily due to the balance between the opposing effects of cathodic

Fig 7: LiM 336VH: Short Circuit polariation and internal heating. Useful pulse currents have been
demonstrated at temperatures as low at -701C, and continuous discharge at
close to the C rate has been obtained at -150C.

The initial short circuit current was about 70A for a brief period of The prevention of hazards due to short circuit and forced discharge

time but this fell to 40A at about 30 seconds at which point venting occurred abuse has been achieved by the use of a low pressure venting system, and an

with no flame or smoke. The current then continued to fall rapidly for the anodic current collector acting as an internal diode.

next 60 seconds reaching 3A, and thereafter a slower decline ultimately The characteristic improved performance exhibited by higher surface
reaching zero after about 35 minutes. Meanwhile, a maximum case ar ateris tic topoved peromnce ehbty hro surae
temperature of 80SC was reached after 90 seconds and declined thereafter area cathodes is applicable to other cell sizes in the . product range i.e.
to ambient temperature. A to DD.
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LOW TEMPERATURE LITHIUM BATTERY TESTING

Walter A. Tracioski

Applied Power International

1236 N. Columbus Avenue, Suite 41

Glendale, CA 91202-1672

Introduction In the final test a single T-2 battery was discharged using the
same profile as above however the temperature was varied. The

There are few batteries that will operate adequately at very initial starting temperature was 201C and was reduced after each
low temperatures. This device required two such batteries, one pulse until the cutoff voltage could not be maintained at the 2 A
battery (T- 1) was required to be discharged for a long duration at a level. Once the battery could not maintain the current without
current drain of approximately 2 mA The second battery (T-2) was dropping below the cutoff voltage, the chamber temperature was
required to perform a high current (-2 A) pulse discharge after a raised to +20'C. The T-2 battery was then discharged approximately
30 mA discharge at temperatures as low as -46°C 150 mAh and the test sequence was repeated. The voltage data for

The following is a sumnmary of the test data obtained on this test was recorded on a strip chart recorder.
recent tests of the T-I and '1-2 batteries. It is broken down into three All other data was collected using Schlumberger (now
individual tests: Solartron) Orion 3531 data acquisition system and was accurate to

1. Capacity of three T-l's, one from lot #93 and two from lot the microvolt level. The chamber temperatures were recorded by the
# 120. same unit which has the capability of using the thermocouples
2. Capacity of one T-2 using a simulated load profile. directly using an internal zero reference. The data was saved to disc
3. Performance characteristics of one T-2 over simulated and was processed in Excel using Schlumberger (Solartron) 3531
environmental conditions. Data to Dif Conversion software for the data conversion.

Method
Discussion

Two different lithium battery designs consisting of two

different chemistries were tested and evaluated at temperatures The test plan consisted of
ranging from -55°C to +20 0 C.

A low rate battery ( T-1), consisting of two "DD" (Eagle 1.) Capacity testing of one T-I from lot 93 and two T-I's from lot
Picher, 29.4 Ah, LCF-1 12) cells in series using a carbon 120 to confirm the low temperature performance and the
monofluoride cathode, was tested at a constant temperature of -300C meeting of the capacity requirements for the mission and to
at varying currents to a nominal two volt cutoff per cell. help determine the lot-to-lot performance variations.

The second battery ( T-2) was designed for a relatively high 2.) Capacity testing on one T-2 at -30°C to determine if it will
current rate pulse application and consisted of 48 "2/3A" (Panasonic, meet the mission requirement.
1300 mAh, CRI23A) cells in series-parallel matrix ( 4 in series X 12 3.) Performance testing on one T-2 to determine the performance
in parallel) resulting in an operating voltage of 12 volts. The cathode parameters over the low temperature range with respect to the
for these cells was manganese dioxide. depth of discharge.

In the first test the T- l's were discharged by constant
resistance using precision Dale resistors. The initial resistance value 1.) Testing of T-I
used was lower than required in actual use to expedite the testing. a. Place and wire batteries to be tested in an environmental
This was done so that testing could be completed during the term of chamber.
the contract. As the battery voltage approached the 4 volt cutoff b. Reduce the temperature to -30'C±3 'C, soak at that
voltage the resistance was increased to reduce the current until the temperature a minimum of 30 minutes.
required value was reached. In this way the cells were never c. Place a 33 ohm load (-110 mA) across the battery. Observe
discharged below 2 V/cell. The testing was performed at -300C, the results. If the voltage appears to be dropping at a rapid
again, to expedite the testing. Once the batteries delivered the rate and may drop below 3.5 V within 24 hours or is
required capacity for the device, the temperature chamber was approaching 4 V level, the load resistance may be increased
lowered to -46°C and the actual discharge rates to complete the to reduce the current drain. This may be repeated as many
testing. times as necessary until one of the following conditions

In test number two the T-2 was tested at a constant occurs:
temperature of -30°C using a constant current discharge which was 1. The required capacity is reached.
switched between two different current levels from two different 2. The minimum cut-off voltage is reached (3.5 V) at a
power supplies by use of a Tenor timer. The power supplies were current drain of 2 mA.
biased by the use of diodes so they could operate in a voltage and d. Record the results.
current range where they could maintain an accurate constant
current. The initial current was 30 mA this was maintained for 300 2.) Testing of T-2
sec followed by a 2 A pulse which was maintained for 2 seconds. a. Place and wire the battery to be tested in an environmental
This dual level pulse profile was repeated approximately every hour chamber.
until the lifetime requirement was met.
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b. Reduce the temperature to - -0 °C, soak at that temperature a The first chart is of the minimum pulse voltage as a result of
minimum of 30 minutes. cycle number. The battery easily met the 80 pulse requirement at a

c. Place a constant current(s) pulse load on the battery temperature of-300 C. It should be noted that this test was
consisting of 30±2 mA for 300±5 sec. immediately followed performed in fairly rapid succession and that the response voltage is
by a 2.0±0.2 A pulse for 2±0.5 sec. This may be repeated as likely to be significantly higher if a refractory period of several
required until one of the following conditions is met: weeks is used as can be seen by the use of two extended refractory
1. The required cycle life is met (80 cycles), periods during the testing. The initial increase in voltage between the
2. The minimum voltage at 2.2 A is reached (8.5 V). first and second cycle is an artifact of this particular battery chemistry

and not likely to reappear in later use.
3.) Performance Profile testing of the T-2

a. Place and wire the battery to be tested in an environmental T-2 Characterization
chamber.

b. Set the temperature at +20 0C, soak at that temperature for a The next five T-2 charts describe the performance profile
minimum of 30 minutes. through the required capacity (0.5 Ah) and over the temperature

c. Perform the same load test as described in 2c above, range of +200C to ~-500C. The fresh T-2 exceeded the voltage
d. Reduce the temperature to 0°C, soak for a minimum of 30 requirement of 8.5 V at -50oC. However, later in life this was

minutes and repeat the load test. reduced to 400C. The 0.535 Ah chart is at approximately 509/o of
e. Reduce the temperature to -20'C, soak for a minimum of 30 the total potential capacity of the T-2 battery. Over the range of 0-

minutes and repeat the load test. 50% DOD the T-2 tested performed almost identically over the
f Reduce the temperature in I O0 degree C increments until the observed temperature range. Thus it is likely that the T-2 battery will

minimum voltage of 8.5 V is reached. The temperature continue to perform far beyond the requirement.
increment of 10°C may be reduced to 5oC if it appear that the For the minimum voltage profile testing the -450C test was
minimum voltage would be less than 8.5 V if a 10C was actually performed at -46oC which was within the temperature limits
used. required for the testing. This was done to relate the T-2 testing back

g. After failure to meet the voltage requirement, return the to the requirement of the T-! testing.
battery to ambient and discharge the T-2, 0.15±0 02 Ah using
a constant resistance.

h Repeat steps 4b-4g.
i. When the required capacity is met the test is complete. Summary

Voltage, temperature, and resistance values will be recorded
for all tests. The T-l's tested exceeded the requirements for the unit at

-460C and did not drop to the EOL (End-of Life) voltage. The lot 93
T- I met the requirement at a reduced voltage when compared tom

Results the lot 120 cells. This lot had been rejected by NASA but was used
because of the rapid availability for initial testing.

T-1 The T-2's have far exceeded the requirements both in lifetime
and in low temperature performance. At the required capacity, the

The first three charts are the constant resistance tests of three T-2 battery tested has exceeded the low temperature performance

T- l's. They were all performed using decreasing current drains as a requirement and does not appear to be degrading. A longer

result of using increasing resistor values for loads. The initial refractory period (i.e. 1-4 weeks) is likely to be beneficial to the

temperature was -30oC which was reduced to -46oC as the actual performance and will likely extend its useful life.

loads were approached. All of the batteries have met the capacity
requirement of 20 Ah however the battery from lot #93 has done so
at a lower voltage than the two batteries from lot #120. This lot of
cells that had been rejected due to a high temperature exposure
during manufacture and was used for prototypes because of their
availability. The internal impedance of the cells has been affected but
it ic -.ot known if this is the reason. It should also be noted that these
cell.s were approximately two years older than the lot #120 cells and
this could also be contributory to the increase in internal impedance
observed. Possible causes for this internal impedance rise could be
due to poor internal wetting or slight amount of corrosion.

T-2 Performance

All the T-2 tests were performed using constant current
discharges. The initial current was 29 mA for 300 seconds,
immediately followed by a 2 second discharge of 2.16 A. This was
accomplished by utilizing an Tenor electronic timer accurate to 0.1
second (for the 300 sec. discharge) and 0.01 seconds (for the 2 sec.
discharge). The currents were controlled by the use of constant
current power supplies while the battery voltage was being "bucked"
by diodes.
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T-1 TESTING
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T-2 PERFORMANCE TESTING
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T-2 CHARACTERIZATION TESTING
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